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1 . 0  INTRODUCTION 

I n  o r d e r  t o  enhance t h e  s c i e n t i f i c  y i e l d  from t h e  
m i s s i o n s  o f  t h e  Lunar E x p l o r a t i o n  Program (LPP) ,  knowledge of  
t h e  p r e c i s e  l o c a t i o n  on t h e  s u r f a c e  o f  t h e  Moon where s o i l  
and/or  rock  samples  w e r e  o b t a i n e d  o r  where l u n a r  s u r f a c e  
e x p e r i m e n t s  w e r e  deployed  i s  r e q u i r e d .  Although u s e  o f  map 
matching  t e c h n i q u e s  w i l l  almost c e r t a i n l y  be n e c e s s a r y  t o  
o b t a i n  t h e  d e s i r e d  l o c a t i o n  accu racy ,  a method f o r  p o s i t i o n  
d e t e r m i n a t i o n  must be provided  w i t h  s u f f i c i e n t  a c c u r a c y  t o  make 
t h e  use of  map matching t e c h n i q u e s  f e a s i b l e .  Aside from t h i s  
r e q u i r e m e n t  i s  t h e  c r e w  s a f e t y  r equ i r emen t  f o r  c o n t i n u o u s  
lcnowledge o f  t h e  r e l a t ive  p o s i t i o n  of  one o r  two crewmen 
pe r fo rming  e x t r a v e h i c u l a r  a c t i v i t y  (EVA) on t h e  l u n a r  s u r f a c e  
and t h e  Lunar Module (LM) w i t h  s u f f i c i e n t  a c c u r a c y  t o  p e r m i t  
t h e  crewmen t o  r e t u r n  d i r e c t l y  t o  w i t h i n  l i n e - o f - s i g h t  of  t h e  
LM w i t h o u t  per forming  a search o r  t o  e n a h l e  t h e  r e s c u e  of one 
crewman by a n o t h e r .  I n  t h e  proposed m i s s i o n s  o f  t h e  L E P ,  
traverses by t h e  crewmen from t h e  LM e x t e n d i n g  o u t  t o  a r a d i u s  
o f  5 k i l o m e t e r s  are b e i n q  cons ide red .  

A number of r e l a t i v e  p o s i t i o n  d e t e r m i n a t i o n  methods 
have been s u g g e s t e d  f o r  l o c a t i n g  t h e  e x t r a v e h i c u l a r  crewmen 
(EVC) w i t h  r e s p e c t  t o  t h e  LM. Some o f  t h e  s u g g e s t e d  methods,  

which are l i s t e d  below, r e l y  on t h e  assumpt ion  t h a t  t h e  p r e c i s e  
l o c a t i o n  o f  t h e  LM on t h e  l u n a r  s u r f a c e  can  b e  de t e rmined  by 
independen t  means and i s  known. 

(a )  LM-located scann ing  t e l e v i s i o n  system. 

( b )  Crewman-mounted i n e r t i a l  gu idance  and n a v i g a t i o n  
system. 

(c )  Ear th-based  e l e c t r o n i c  t r a c k i n g  sys t ems .  

(d) Lunar-based e l e c t r o n i c  and l a s e r  t r a c k i n g  sys tems.  

These methods f o r  re la t ive  p o s i t i o n  d e t e r m i n a t i o n  are d i s c u s s e d  
i n  t h e  f o l l o w i n g  pa rag raphs  of s e c t i o n  2 . 0 .  A summary i s  
p r o v i d e d  i n  s e c t i o n  3 . 0 .  
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2.0 DISCUSSION 

F u r t h e r  c o n s i d e r a t i o n  of u s i n g  a scann ing  t e l e v i s i o n  
sys tem a t  t h e  LY f o r  r e l a t i v e  n o s i t i o n  d e t e r m i n a t i o n  o f  an E77C 
w a s  abandoned because  r e s u l t s  o f  a s t u d y  by Rosenblum(1) 
i n d i c a t e  t h a t  a s i g n i f i c a n t  amount o f  l i n e - o f - s i g h t  masking 
w i l l  e x i s t  between a LM w i t h  a 500  f o o t  mas t  and an FVC equipFed 
w i t h  a 50 f o o t  mast f o r  a r b i t r a r y  t r a v e r s e s  hy a crevman w i t h i n  
a c i rc le  o f  5 k i l o m e t e r s  r a d i u s  from t h e  LM a t  a t y p i c a l  
s c i e n t i f i c  l u n a r  l a n d i n g  s i t e .  I n  a d d i t i o n ,  t h e  r e s o l u t i o n  
p r o v i d e d  by t h e  t e l e v i s i o n  camera o f  t h e  t y p e  which w i l l  be 
i n c l u d e d  i n  t h e  Lunar Surveying System assuming t h e  use o f  a 
t e l e p h o t o  l e n s  p r o v i d i n g  a 9 d e g r e e  f i e l d  of  view w i l l  n o t  be 
s u f f i c i e n t  t o  d i s t i n g u i s h  t h e  EVC from t h e  l u n a r  s u r f a c e  back- 
ground or  from e l ec t r i ca l  n o i s e  i n  t h e  t e l e v i s i o n  p i c t u r e  TJhen 
t h e  crewman i s  w i t h i n  l i n e - o f - s i g h t  o f  t h e  ISIT h u t  5 k i l o m e t e r s  
d i s t a n t .  

The p o t e n t i a l  accuracy  of  r e l a t ive  p o s i t i o n  
d e t e r m i n a t i o n  p rov ided  by s p e c i f i c  t r a c k i n g  sys tems and 
t e c h n i q u e s  l i s t e d  above are d i s c u s s e d  i n  t h i s  memorandum. 
D i s c u s s i o n  of  t h e  p o t e n t i a l  accu racy  o f  r e l a t i v e  n o s i t i o n  
d e t e r m i n a t i o n  p r o v i d e d  by a crewman-mounted i n e r t i a l  gu idance  
and n a v i g a t i o n  sys t em i s  beyond t h e  scope  o f  t h i s  memorandum. 
H o w e v e r ,  a c u r s o r y  look  a t  t h i s  r e l a t ive  p o s i t i o n  d e t e r m i n a t i o n  
t e c h n i q u e  i n d i c a t e s  t h a t  a more d e t a i l e d  i n v e s t i g a t i o n  i s  
w a r r a n t e d . ( 2 )  
n a v i g a t i o n  i s  a lso beyond t h e  scope  of  t h i s  memorandum. 

Di scuss ion  of  ce les t ia l  n a v i g a t i o n  and landmark 

The g e n e r a l  approach t a k e n  t o  a r r i v e  a t  t h e  u n c e r t a i n t y  
i n  t h e  re la t ive  p o s i t i o n  d e t e r m i n a t i o n  made by a s p e c i f i c  t r a c k i n g  
sys t em w a s  f i r s t  t o  der ive an e x p l i c i t  set  o f  e q u a t i o n s  d e f i n i n g  
t h e  re la t ive  l o c a t i o n  of t h e  EVC w i t h  r e s p e c t  t o  t h e  Is.I i n  t e r m s  
of known and/or  measurable  pa rame te r s .  I t  w a s  assumed t h a t  a l l  
p a r a m e t e r s  i n  t h e s e  d e r i v e d  e q u a t i o n s  w e r e  m u t u a l l y  independen t .  
Thus,  assuming X ( t h e  X-axis c o o r d i n a t e  of t h e  p o s i t i o n  of  t h e  
EVC w i t h  r e s p e c t  t o  t h e  LM) i s  a f u n c t i o n  o f  t h e  v a r i a b l e s  X1 
and R1 which are independen t ,  t h e  t r u e  inc remen t  o r  u n c e r t a i n t y  
i n  Xs r e s u l t i n g  from a change o r  measurement u n c e r t a i n t y  i n  X 1  

which i s  d e f i n e d  as 

S 

(1)I. I. Rosenblum, "Screening  of Line  of  S i g h t  t o  LM by 
Craters a t  Apol lo  S i t e  2-Mission G," Memorandum f o r  F i l e ,  June  
30 ,  1969. 

( 2 ) P r i v a t e  communication w i t h  M r .  R .  17. S p e r r y ,  B e l l c o m m ,  
I n c .  
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and t h e  u n c e r t a i n t y  i n  Xs a s  a r e s u l t  o f  a measurement 
u n c e r t a i n t y  i n  R1 i s  g i v e n  by 

and t h e  t o t a l  u n c e r t a i n t y  i n  Xs a s  a r e s u l t  of measurement 
u n c e r t a i n t i e s  i n  bo th  X1 and R1 i s  g i v e n  hy 

Equa t ions  are g i v e n  i n  Appendix P. which S e f i n e  t h e  
p o s i t i o n  of a p o i n t  i n  an a r b i t r a r y  r e c t a n g u l a r  c o o r d i n a t e  
sys tem and t h e  u n c e r t a i n t y  i n  t h i s  p o s i t i o n  d e t e r m i n a t i o n  i n  
t e r m s  of known or  measurable  q u a n t i t i e s .  I t  s h o u l d  be n o t e d  
t h a t  t h e  e r r o r  e q u a t i o n s  c o n t a i n e d  i n  Appendix F g i v e  t h e  
u n c e r t a i n t y  i n  t h e  t h r e e  c o o r d i n a t e s  o f  t h e  de t e rmined  p o s i t i o n  
o f  t h e  p o i n t  i n  t h e  a r h i t r a r y  r e c t a n g u l a r  c o o r d i n a t e  sys t em 
chosen.  The u n c e r t a i n t i e s  i n  t h e  l o c a t i o n  o f  t h e  o r i g i n  o f  
t h i s  a r b i t r a r y  r e c t a n g u l a r  c o o r d i n a t e  sys tem w i t h  r e s p e c t  t o  a 
f i x e d  r e f e r e n c e  c o o r d i n a t e  system have n o t  been a d d r e s s e d  
because  f o r  t h e  pu rposes  of t h i s  memorandum t h e s e  e q u a t i o n s  
w i l l  be used  f o r  t h e  d e t e r m i n a t i o n  of  t h e  r e l a t i v e  p o s i t i o n  o f  
two p o i n t s  r a t h e r  t h a n  t h e i r  a b s o l u t e  p o s i t i o n .  Equa t ions  are 
g i v e n  i n  Appendix R which d e f i n e  t h e  r e l a t i v e  p o s i t i o n  o f  a 
p o i n t  w i t h  r e s p e c t  t o  a second p o i n t  i n  an  a r b i t r a r y  r e c t a n g u l a r  
c o o r d i n a t e  sys tem and t h e  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of 
t h i s  re la t ive  p o s i t i o n  i n  terms o f  known or measurable  q u a n t i t i e s .  

The e q u a t i o n s  c o n t a i n e d  i n  Appendices A and R are used  
i n  t h e  f o l l o w i n g  p a r a g r a p h s  t o  assess t h e  p o t e n t i a l  a c c u r a c y  of 
t h e  d e t e r m i n a t i o n  o f  t h e  r e l a t i v e  p o s i t i o n  o f  an  EVC w i t h  r e s p e c t  
t o  t h e  LM u s i n g  pa rame te r  values and a c c u r a c i e s  p r o v i d e d  by 
v a r i o u s  Ear th-based  e l e c t r o n i c  t r a c k i n g  sys t em c o n f i g u r a t i o n s  
and v a r i o u s  luna r -based  e l e c t r o n i c  and laser t r a c k i n g  systerrs. . 

2 . 1  Earth-Based E l e c t r o n i c  Tracking Systems 

The u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of t h e  r e l a t i v e  
p o s i t i o n  of an EVC w i t h  r e s p e c t  t o  t h e  LM w a s  examined u s i n g  
t h e  f o l l o w i n g  f o u r  sets of d a t a ,  each  one of which c o u l d  be  
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Prov ided  by p r o p e r l y  configured.  Ear th-based  t r a c k i n g  sys t ems :  

( a )  two sets (one s e t  f o r  t h e  crewman and  t h e  second s e t  
f o r  t h e  LM) o f  t h r e e  s l a n t  range  measurements.  

( h )  t w o  sets of t h r e e  s l a n t  range  sum m e a s u r e m n t s .  

(c)  t h r e e  d i f f e r e n c e  measurements of  s l a n t  r ange  s u r s .  

( d )  t w o  sets of  one s l a n t  range  and two s l a n t  range  
d i f f e r e n c e  measurements.  

The u n c e r t a i n t y  i n  t h e  r e l a t i v e  p o s i t i o n  d e t e r m i n a t i o n  p rov ided  
by t h e s e  combina t ions  o f  d a t a  was c a l c u l a t e d  f o r  o n l y  one 
p o s i t i o n  of  t h e  Yoon w i t h  r e s p e c t  t o  t h e  F a r t h  and one D o s i t i o n  
o f  t h e  EVC w i t h  respect t o  t h e  LM (assumed t o  be a 5 ki l -ometer  
s e p a r a t i o n )  on t h e  l u n a r  s u r f a c e  us inq  d a t a  p rov ided  by s t a t i o n s  
o f  t h e  Manned Space F l i g h t  Network (MSFN) l o c a t e d  a t  Go lds tone ,  
Bermuda and Ascension.  The r e l a t ive  p o s i t i o n  of  t h e  Moon was 
chosen  so t h a t  t h e  LM would be e q u i d i s t a n t  f r o r  t h e  t h r e e  MSFU 
s t a t i o n s .  The u n c e r t a i n t y  i n  t h e  l o c a t i o n  of  t h e  MSF!' s t a t i o n s  
i n  e a c h  of  t h e  t h r e e  axes  of a g e o c e n t r i c  r e c t a n q u l a r  
c o o r d i n a t e  sys tem i s  approximate ly  35 meters f o r  t h e  Golds tone  
s t a t i o n ,  4 0  meters f o r  t h e  Bermuda s t a t i o n ,  and 105 meters f o r  
t h e  Ascension s t a t i o n . ( 3 )  For  a l l  cases, Fermuda w a s  assumed 
t o  be  t h e  c e n t r a l  s t a t i o n .  For t h e  above cases ( a ) ,  (b), and 
( d ) ,  t h e  o r i g i n  of t h e  reference r e c t a n g u l a r  c o o r d i n a t e  sys t em 

w i l l  be p l a c e d  a t  t h e  Bermuda s t a t i o n ,  t h e  X-axis w i l l  pass 
th rough  t h e  Ascension s t a t i o n ,  and t h e  Golds tone  s t a t i o n  w i l l  
l i e  i n  t h e  XY-plane. For  case ( c ) ,  t h e  o r i g i n  of t h e  a r b i t r a r y  
r e f e r e n c e  r e c t a n g u l a r  c o o r d i n a t e  system w i l l  h e  p l a c e d  a t  t h e  
LM l o c a t i o n  and t h e  Z-axis w i l l  p a s s  t h rough  t h e  Bermuda 
s t a t i o n .  

I t e m s  p e c u l i a r  t o  each one o f  t h e s e  f o u r  c a s e s  
i n c l u d i n g  a b r i e f  t r e a t m e n t  of t h e  u n c e r t a i n t i e s  o f  t h e  t r a c k i n g  
sys t em measurements are d i s c u s s e d  i n  t h e  f o l l o w i n g  p a r a g r a n h s .  
Obvious ly  f o r  a l l  f o u r  cases , l i n e - o f - s i g h t  between t h e  NSFI!; 
s t a t i o n s  and t h e  LM and between t h e  s t a t i o n s  and t h e  EVC i s  
r e q u i r e d .  

2 . 1 . 1  Three S l a n t  Ranse Measurements 

For  t h i s  case, measurements o f  s l a n t  r ange  between an 
MSFN s t a t i o n  and t h e  LM and between t h a t  s t a t i o n  and t h e  FVC 

( 3 )  GSFC, X-832-69-69, "MSFM Metric Track ing  Performance 
Repor t  AS-503," F e b r u a r y ,  1969. 
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are r e q u i r e d  s i m u l t a n e o u s l y  from a t  least  t h r e e  MFF?; s t a t i o n s  
which are as wide ly  spaced  as p o s s i b l e .  The r e a u i r e d  s l a n t  
r ange  d a t a  c o u l d  be  o b t a i n e d  through use  of t h e  pseudo n o i s e  
r a n g i n g  c a p a b i l i t y  of  t h e  TJnified S-Band (US?) sys tem o r  by 
i n t e g r a t i o n  o f  t h e  DopDler f requency  s h i f t  c o u n t s  p r o v i d e d  
th rough  use  of t h e  s l a n t  range r a t e  measur ing  c a o a b i l i t y  of 
t h e  USB system. Consequent ly ,  t h e  LEn and t h e  T 7 C  would each 
be  r e a u i r e d  t o  c a r r y  t h ree  S-band t r a n s p o n d e r s  w i t h  each of t h e  
s i x  t r a n s p o n d e r s  b e i n g  tuned  to  a d i f f e r e n t  set  of r e c e i v e d  and 
t r a n s m i t t e d  ca r r i e r  f r e q u e n c i e s  i n  o r d e r  t o  avo id  R F  i n t e r -  
f e r e n c e .  I t  s h o u l d  be  n o t e d  t h a t  r e q u i r e m e n t s  f o r  these  
t r a n s m i t  and r e c e i v e  frequency c a p a b i l i t i e s  a t  t h e  s t a t i o n s  of 
t h e  MSFFl would r e q u i r e  a d d i t i o n a l  R F  handwidth t o  b e  a l l o c a t e d  
f o r  s n a c e  use  by t h e  Director of  Telecommunications 
Management (DTM) and would r e q u i r e  some ne147 t r a n s m i t t e r s ,  
r e c e i v e r s ,  and an tenna  f e e d s  t o  h e  added t o  t h e  a p p r o p r i a t e  
s t a t i o n s  t o  accommodate t h e  l a r g e r  number of l i n k s  and t h e  
d i f f e r e n t  ca r r ie r  f r e q u e n c i e s .  I f  t h e  FVC and J,N were each  
equipped  w i t h  o n l y  one t r a n s p o n d e r ,  t'le n e c e s s a r v  s l a n t  r ange  
d a t a  cou ld  be o b t a i n e d  by t h e  MSFK s t a t i o n s  u s i n a  t h e i r  pseudo 
n o i s e  r a n g i n g  c a p a b i l i t y  and t i m e  s h a r i n g  t h e  IT7C and T,rfl 
t r a n s p o n d e r s .  llowever, t h e  u n c e r t a i n t y  i n  t h e  d e t e r p i n a t i o n  of 
r e l a t i v e  p o s i t i o n  would be i n c r e a s e d  o v e r  t l iat  o b t a i n 4  t is inq 
s i m u l t a n e o u s  measurements  because t h e  F:VC could  have changed 
p o s i t i o n  s i g n i f i c a n t l y  b e f o r e  s l a n t  range  measurepents  have 
been made by t h e  t h r e e  MSFM s t a t i o n s  ( e s t i m a t e d  t o  be of t h e  
o r d e r  of 5 minu tes  i n c l u d i n g  l i n k  a c q u i s i t i o n  and i n t e g r a t i o n  
t i m e s  for t h e  s i g n a l  t o  n o i s e  r a t i o s  used  i n  t h e  Fpollo nrogram) .  

I n  g e n e r a l  i n  t h e  USE sys t em,  s l a n t  range  from a n  
MSFN s t a t i o n  t o  a t r a n s p o n d e r  i s  de termined  hy t r a n s m i t t i n g  a 
d i g i t a l  sequence  ( c a l l e d  a pseudo n o i s e  code)  a t  a c l o c k  r a t e  
o f  1 MHz from t h e  MSFN s t a t i o n  t o  t h e  t r a n s p o n d e r  where t h e  
sequence  i s  turned-around and t r a n s m i t t e d  hack t o  t h e  o r i g i n a t i n g  
s t a t i o n .  The r e c e i v e d  sequence i s  compared t o  a r e c o r d  o f  t h e  
t r a n s m i t t e d  sequence and the de lay  of  t h e  sequence i n t r o d u c e d  
by t h e  r o u n d - t r i p  between an  MSFN s t a t i o n  and a t r a n s p o n d e r  i s  
de te rmined .  T h i s  d e l a y  c o r r e c t e d  f o r  f i x e d  d e l a y s  i n  equip-  
ments such  as t h e  t r a n s m i t t e r ,  t r a n s p o n d e r ,  r e c e i v e r ,  w i r i n g ,  
e t c . ,  i s  p r o p o r t i o n a l  t o  t h e  s l a n t  range  sum from an MSFN 
s t a t i o n  t o  a t r a n s p o n d e r  and back t o  t h e  MSFN s t a t i o n .  

I n  t h e  USB sys tem,  two-way s l a n t  r ange  ra te  o f  a 
t r a n s p o n d e r  w i t h  r e s p e c t  t o  an MSFI\T s t a t i o n  i s  de termined  by 
t r a n s m i t t i n g  a con t inuous  wave car r ie r  from t h e  MSFN s t a t i o n  t o  
t h e  t r a n s p o n d e r  where t h e  r e c e i v e d  ca r r i e r  f r equency  i s  
t r a n s l a t e d  i n  phase  coherence  th rough  a c o n s t a n t  r a t i o  t o  a 
d i f f e r e n t  f r equency  and t r a n s m i t t e d  back t o  t h e  o r i g i n a t i n g  
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s t a t i o n .  T h i s  r e c e i v e d  carr ier  f r equency  i s  compared w i t h  a 
sample of t h e  U S R  t r a n s m i t t e r  reference f r equency  which has  
a l s o  been  t r a n s l a t e d  i n  phase  coherence  th rough  t h e  sarre 
c o n s t a n t  r a t i o  used  i n  t h e  t r a n s p o n d e r .  The d i f f e r e n c e  i n  
f r equency  of t h e s e  two carriers (or Doppler f r equency  s h i f t )  
i s  p r o p o r t i o n a l  t o  t h e  two-way s l a n t  range  r a t e  of t h e  t r a n s -  
Donder w i t h  r e s p e c t  t o  t h e  MSFIJ s t a t i o n .  

To use  d a t a  p rov ided  by i n t e g r a t i o n  o f  t h e  Doppler 
f r equency  s h i f t  c o u n t s ,  t h e  d a t a  must be i n i t i a l i z e d  u s i n g  
known p o s i t i o n s  of b o t h  t h e  LM and EVC a t  some g i v e n  t i m e  as 
r e f e r e n c e s .  I n  a d d i t i o n ,  t h i s  data  must he  r e i n i t i a l i z e d  
whenever t h e  coun t  o f  t h e  number of  Doppler c y c l e s  i s  l o s t  o r  
i n t e r r u p t e d  such  a s  would occur  i f  f requency  l o c k  was l o s t  i n  
e i t h e r  t h e  MSFN s t a t i o n  r e c e i v e r  o r  t r a n s p o n d e r .  

U n c e r t a i n t i e s  i n  t i m e  S y n c h r o n i z a t i o n  (up  t o  + 8 milli- 
sec ( 3 ) )  and f requency  s t a n d a r d  s y n c h r o n i z a t i o n  (UP t o  5x10-12 
H z ( 3 ) )  among t h e  v a r i o u s  s t a t i o n s  o f  t h e  MFFiT as w e l l  a s  
u n c e r t a i n t i e s  i n  t h e  v e l o c i t y  of e l e c t r o m a g n e t i c  wave 
p r o p a g a t i o n  i n  s p a c e  and atmosphere w i l l  most l i k e l y  i n t r o d u c e  
s i g n i f i c a n t  b ias  errors i n  t h e  d e t e r m i n a t i o n  of t h e  aLsol.ute 
p o s i t i o n  of e i t h e r  t h e  LM o r  t h e  EVC. Sowever, t h e s e  
u n c e r t a i n t i e s  w i l l  have n e g l i g i b l e  e f f e c t  on t h e  d e t e r m i n a t i o n  
of t he i r  r e l a t i v e  p o s i t i o n  because  s l a n t  r ange  measurements t o  
the LM and t o  t h e  EVC w i l l  be made s i m u l t a n e o u s l y  hy a n  MSFIJ 
s t a t i o n  and because  t h e  s l a n t  r a n g e s  from t h e  MSFN s t a t i o n s  t o  
t h e  LM w i l l  be v e r y  much greater  t h a n  t h e  s e p a r a t i o n  of t h e  F'VC 
and LM.  T h e r e f o r e ,  t h e s e  c o n t r i b u t o r s  of  measurement b i a s  
errors w i l l  n o t  be c o n s i d e r e d  f u r t h e r  i n  t h i s  s e c t i o n .  

During t h e  t r a n s l u n a r  c o a s t  phase  of t h e  Ap0110- 
S a t u r n  mis s ion  AS-503 ,  t h e  root-mean-square random e r r o r  f o r  
s l a n t  r ange  measurements f r o m  s t a t i o n s  of t h e  MSFN t o  t h e  Command 
and Service Module (CSM) was found t o  be approx ima te ly  1 5  meters. ( 3 )  
Also i m p o r t a n t  t o  t h e  e s t i m a t i o n  o f  t h e  accu racy  o f  t h e  r e l a t i v e  
p o s i t i o n  d e t e r m i n a t i o n  when u s i n g  t h e  pseudo n o i s e  code t o  
d e t e r m i n e  range  i s  t h e  p o t e n t i a l  d i f f e r e n c e  i n  d e l a y  f l u c t u a t i o n s  
between t h e  S-band t r a n s p o n d e r s  carried by t h e  LM and t h e  PVC 
c a u s e d  by among o t h e r  t h i n g s  d i f f e r e n c e s  i n  t h e  s t a b i l i t y  o f  t h e  
t h e r m a l  environment  of t h e  t r a n s p o n d e r s  a s  t h e  crewman moves 
away from t h e  LM. The s p e c i f i c a t i o n  ( 4 )  f o r  t h e  t i m e  d e l a y  
t h r o u g h  t h e  r ang ing  channe l  of a USB t r a n s p o n d e r  f o r  t h e  Apollo 
CSM states  t h a t  " t h e  t i m e  de l ay  t h r o u g h  t h e  t r a n s p o n d e r  s h a l l  
n o t  exceed  2000  nanoseconds,  and s h a l l  v a r y  no  more t h a n  1 0 0  

( 4 )  C o l l i n s  Radio Company, "Equipment S p e c i f i c a t i o n  f o r  t h e  
U n i f i e d  S-Band Equipment o f  t h e  Apol lo  Communications and Data 
Subsystem,"  514-0007-001, Revis ion  D ,  October  14, 1 9 6 5 .  
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nanoseconds under any combination of environments and radio 
(5) frequency input levels from -50dBm to -12OdBm and for Doppler 

frequency offset of +90 kHz." The corresponding specification 
for the time delay of the pseudo noise ranging signal through the 
transponder, diplexer and power amplifier of the Apollo LM is 
that the time delay shall not exceed 2.1 microseconds and shall 
have a maximum variation of 100 nanoseconds. It should be 
noted that a delay uncertainty of 50 nanoseconds corresponds to 
a slant range measurement uncertainty of 7.5 meters or to a 
slant range sum measurement uncertainty of 15 meters. For the 
purposes of this section, it was assumed that the uncertainty 
in a slant range measurement between a station of the MSFIL' and 
a transponder carried by the LM or a crewman provided by the 
current USB system using the pseudo noise code was 15 meters. 

The precise statistics of the random error in the 
Doppler frequency shift measurements and subsequent integration 
to yield a measurement of change in slant range from the reference 

that the standard deviation of the range rate data taken during 
translunar and transearth mission phases of AS-503 was consistently 
less than 3 millimeters per second. Since, in general, the bias 
errors present in the measurements of slant range using this 
method from an MSFN station to the LM and to the EVC will be 
approximately the same, their contribution to the uncertainty in 
the determination of relative position of the EVC and Li should 
be negligible. For the purposes of this memorandum, it was 
assumed that the standard deviation of the random error in slant 
range measurements through integration of Doppler frequency 
shift counts for relatively long periods of time was 1 meter. 
It is recognized that further investigation of the uncertainties 
in this type of slant range measurement, including the effects 
of movements by the EVC other than translational, is required 
before its use could be adopted. 

station were not known to the writer, although it was reported ( 3 )  

The predicted uncertainty in the determination of the 
relative position of an EVC with respect to the LM on the lunar 
surface using two sets of three slant ranges was calculated 
using the error equations in section 1.1 of Appendix A and 
section 1.0 of Appendix B under the conditions described above. 
The results of these calculations appear in Table 1. 

2.1.2 Three Slant Range Sum Measurements 

For this case, simultaneous measurements of the slant 
range sum from one station of the MSFN to the LM and back to any 
station of the MSFN for at least three combinations of MSFN 

(5) Grumman Aircraft Engineering Company , "Communications 
Subsystem Design Control Specification For," LSP-380-2B, May 
20, 1966. 
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s t a t i o n s  are r e q u i r e d  s i m u l t a n e o u s l y  w i t h  c o r r e s p o n d i n g  
measurements o f  t h e  s l a n t  range sum t o  an FVC u s i n ?  t h e  same 
MSFN s t a t i o n s .  The r e q u i r e d  s l a n t  r ange  sum d a t a  c o u l d  h e  
o b t a i n e d  th rough  u s e  o f  t h e  pseudo n o i s e  r a n g i n g  c a p a b i l i t y  
o f  t h e  USR sys tem o r  by i n t e g r a t i o n  o f  t h e  Doppler f r equency  
s h i f t  c o u n t s  p r o v i d e d  through u s e  of t h e  s l a n t  r ange  r a t e  
measur ing  c a p a b i l i t y  of t h e  USB sys tem as d iscussed .  i n  the 
p r e v i o u s  s e c t i o n .  RF t r a n s m i s s i o n s  cllould be made frorr one 
MSFIJ s t a t i o n  s i m u l t a n e o u s l y  t o  b o t h  t h e  LM and t h e  13T7C. The 
S-hand s i g n a l  r e c e i v e d  a t  t h e  LP! and t h a t  r e c e i v e d  a t  t h e  
EVC would e a c h  be turned-around and r e t r a n s m i t t e d  toward t h e  
E a r t h  a t  d i f f e r e n t  ca r r ie r  f r e q u e n c i e s ,  each  c o h e r e n t l y  r e l a t ed  
t o  t h e  r e s p e c t i v e  received c a r r i e r  f r equency .  These r e t r a n s -  
m i t t e d  S-band s i g n a l s  would be r e c e i v e d  by a t  l e a s t  t h r e e  
s t a t i o n s  o f  t h e  MSFN i n c l u d i n g  t h e  s t a t i o n  which w a s  used t o  
t r a n s m i t  t h e  o r i g i n a l  S-band s i g n a l s .  T h e r e f o r e ,  t h e  LM and  
tne EVC would each  be r e q u i r e d  t o  c a r r y  on ly  one S-band 
t r a n s p o n d e r .  

I f  t h e  pseudo-noise r a n g i n g  c a p a b i l i t y  o f  t h e  IJSF 
sys t em w e r e  u sed  t o  de te rmine  s l a n t  r ange  sum d a t a ,  d i g i t a l  
sequences  i d e n t i c a l  t o  t h o s e  t r a n s m i t t e d  t o  t h e  LM and t h e  
EVC would have  t o  be gene ra t ed  l o c a l l y  a t  a l l  s t a t i o n s  o t h e r  
t h a n  t h e  o r i g i n a t i n g  s t a t i o n .  Clock f r e q u e n c i e s  d e r i v e d  from 
t h e  pseudo-noise  codes r e c e i v e d  from t h e  LM and t h e  EVC must  
h e  used  t o  d r i v e  t h e  d i g i t a l  s equence  g e n e r a t o r s  a t  t h o s e  
s t a t i o n s .  The l o c a l l y  g e n e r a t e d  d i g i t a l  sequences  w i l l  be 
compared w i t h  t h e  received sequences  and r e l a t i v e  d e l a y s  
between t h e  r e f e r e n c e  and received sequences  w i l l  be measured.  
I n  o r d e r  f o r  t h e  measured d e l a y s  t o  be p r o p o r t i o n a l  t o  t h e  
t r u e  s l a n t  r ange  sum, t h e  d i g i t a l  sequences  g e n e r a t e d  a t  a l l  
s t a t i o n s  must u se  a common r e f e r e n c e  s t a r t i n g  p o i n t .  T h i s  
r e f e r e n c e  c o u l d  be  e s t a b l i s h e d  by making s l a n t  r ange  sum 
measurements when t h e  p r e c i s e  l o c a t i o n  of  a t r a n s p o n d e r  i s  
known and a d j u s t i n g  t h e  sequence s t a r t  r e f e r e n c e  a t  each  s t a t i o n  
so  t h a t  t h e  p r o p e r  v a l u e  of t h e  s l a n t  r ange  sum measurement i s  
ach ieved .  

I f  t h e  s l a n t  r ange  ra te  measur ing  c a p a b i l i t y  of t h e  
USB sys tem w e r e  used t o  de te rmine  s l a n t  range  sum d a t a  by 
i n t e g r a t i o n ,  t h e  f r equency  s t a n d a r d s  a t  a l l  s t a t i o n s  of t h e  
MSFN must be  i d e n t i c a l  and p r e c i s e l y  known so t h a t  t h e  measured 
Doppler  f r equency  c o u n t s  are  a t r u e  r e p r e s e n t a t i o n  of t h e  s l a n t  
r a n g e  r a t e  sum. If t h e  pr imary f r equency  s t a n d a r d  a t  t h e  
r e c e i v i n g  s i t e  i s  o f f s e t  w i t h  r e s p e c t  t o  t h e  s t a n d a r d  a t  t h e  
t r a n s m i t t i n g  s i t e ,  t h e  r e s u l t i n g  d i f f e r e n c e  i n  c y c l e s  
accumula ted  o v e r  t h e  t a l l y  p e r i o d  w i l l  be added a l g e b r a i c a l l y  
t o  t h e  Doppler f r equency  coun t s  p roduc ing  a bias e r r o r .  To use 
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s l a n t  range  sum d a t a  provided  by i n t e g r a t i o n  of Doppler  
f requency  c o u n t s ,  t h e  d a t a  must  be i n i t i a l i z e d  u s i n g  known 
p o s i t i o n s  of  b o t h  t h e  LM and an e x t r a v e h i c u l a r  crewman a t  
some g iven  p o i n t  i n  t i m e  a s  a r e f e r e n c e  s t a r t i n g  p o i n t .  

Although u n c e r t a i n t i e s  i n  t i m e  s y n c h r o n i z a t i o n  and 
f requency  s t a n d a r d  s y n c h r o n i z a t i o n  among t h e  v a r i o u s  s t a t i o n s  
of  t h e  M S F N  w i l l  i n t r o d u c e  b i a s  errors i n  t h e  d e t e r m i n a t i o n  
of t h e  a b s o l u t e  p o s i t i o n  of e i ther  t h e  LM o r  t h e  e x t r a v e h i c u l a r  
crewman, t h e y  w i l l  have n e g l i g i b l e  e f f e c t  on t h e  d e t e r m i n a t i o n  
of the i r  r e l a t i v e  p o s i t i o n .  

A s  i n d i c a t e d  i n  t h e  p rev ious  s e c t i o n ,  d e l a y  f l u c t u -  
a t i o n s  i n  t h e  turn-around channel  of  t h e  LM S-band t r a n s p o n d e r  
which are d i f f e r e n t  t h a n  those i n  t h e  turn-around channe l  of 
t h e  S-band t r ansponder  of t he  EVC w i l l  i n t r o d u c e  e r r o r s  i n  
t h e i r  r e l a t i v e  p o s i t i o n  de te rmina t ion .  However, it w a s  assumed 
t h a t  any d i f f e r e n t i a l  change i n  d e l a y  through t h e  t w o  t r a n s -  
ponders  would be i n c l u d e d  i n  t h e  random u n c e r t a i n t y  i n  a s l a n t  
r ange  sum measurement t o  t h e  LM o r  t o  the EVC obtained.  u s i n g  
t h e  pseudo n o i s e  code which was assumed t o  be 1 5  m e t e r s .  

I g n o r i n g  t h e  b i a s  e r r o r  effects of f requency  o f f s e t  
of t h e  pr imary f requency  s t a n d a r d s  of d i f f e r e n t  MSFN s t a t i o n s  
and scale f a c t o r  u n c e r t a i n t i e s  s i n c e  t h e y  would be  t h e  s a m e  
fo r  s l a n t  range  sum measurements t o  t h e  LM and t o  t h e  LVC, 
it w a s  assumed t h a t  t h e  s t a n d a r d  d e v i a t i o n  of  t h e  random 
error i n  s l a n t  range  sum measurements provided  by i n t e g r a t i o n  
of Doppler  f requency  s h i f t  counts  fo r  r e l a t i v e l y  long  p e r i o d s  
o f  t i m e  was 1 meter. 

T h e  p r e d i c t e d  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of 
t h e  r e l a t i v e  p o s i t i o n  of an  EVC w i t h  r e s p e c t  t o  t h e  LM on t h e  
l u n a r  s u r f a c e  u s i n g  t w o  sets of t h r e e  s l a n t  range  sum measure-  
ments  w a s  c a l c u l a t e d  u s i n g  t h e  error e q u a t i o n s  i n  S e c t i o n  1 . 2  
o f  Appendix A and S e c t i o n  1 . 0  of Appendix B under  t h e  c o n d i t i o n s  
described above. The r e s u l t s  of these c a l c u l a t i o n s  appea r  
i n  Table 1. 

2.1.3 Three  D i f f e r e n c e  Measurements of S l a n t  Ranae Sums 

For t h i s  case, s imul taneous  measurements of t h e  d i f f e r -  
e n c e  between t h e  s l a n t  range sum from one s t a t i o n  of t h e  M S F N  t o  
t h e  LM and back t o  any s t a t i o n  of t h e  MSFb and t h e  co r re spond ing  
s l a n t  r ange  sum t o  an  EVC us ing  t h e  same MSFN s t a t i o n s  are re- 
q u i r e d  f r o m  a t  l e a s t  three combinat ions of MSFLJ s t a t i o n s .  This  
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case which w a s  sugges t ed  by James ( 6 )  i s  an e x t e n s i o n  o f  t h e  
case d i s c u s s e d  i n  S e c t i o n  2 . 1 . 2  w h e r e  t w o  sets of  t h r e e  s l a n t  
r ange  sums were used f o r  r e l a t i v e  p o s i t i o n  d e t e r m i n a t i o n .  

RF t r a n s m i s s i o n s  would be made from one MSFX s t a t i o n  
s imul t aneous ly  t o  b o t h  t h e  i;M and t h e  EVC. I n  t h e  c o n f i g u r a t i o n  
suggested by James, the same d i g i t a l  sequence would be t r a n s -  
m i t t e d  i n  s y n c h r o n i z a t i o n  t o  b o t h  t h e  LM and t h e  EVC. The 
sequence r e c e i v e d  a t  t h e  LM and t h a t  r e c e i v e d  a t  t h e  EVC would 
each  be turned-around and be t r a n s m i t t e d  t o  t h e  E a r t h  on c a r r i e r s  
of d i f f e r e n t  f r e q u e n c i e s  t o  avoid R F  i n t e r f e r e n c e .  These t w o  
S-band s i g n a l s  would be r e c e i v e d  by a t  least  three s t a t i o n s  
of  t h e  MSFG i n c l u d i n g  t h e  s t a t i o n  which t r a n s m i t t e d  t h e  d i g i t a l  
sequences  o r i g i n a l l y .  Consequent ly ,  the LM and the  hVC would 
each  be r e q u i r e d  t o  c a r r y  only  one S-band t r a n s p o n d e r .  

T o  measure d i r e c t l y  t h e  d i f f e r e n c e  between t h e  s l a n t  
r ange  sums t o  t h e  LM and t o  t h e  EVC, t h e  a p p l i c a b l e  s t a t i o n s  
of the  MSFN would each  have t o  be mod i f i ed  t o  p e r m i t  a d i g i t a l  
sequence d e t e c t e d  on one S-band channel  used by t h e  LM t o  be 
compared w i t h  d i g i t a l  sequence d e t e c t e d  on a second S-band 
channe l  used by t h e  EVC and t o  de te rmine  t h e  d i f f e r e n t i a l  d e l a y  
i n  the t w o  sequences .  T h i s  d i f f e r e n t i a l  d e l a y  corrected f o r  
v a r i o u s  known f i x e d  d e l a y s  i n  t h e  t r a n s m i s s i o n  and r e c e p t i o n  
c i r c u i t r y  w i l l  be p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  t h e  s l a n t  
r ange  sums t o  t h e  LM and t o  t h e  EVC from t w o  MSFN s t a t i o n s .  

A s  w a s  p o i n t e d  o u t  i n  t h e  p r e v i o u s  t w o  s e c t i o n s ,  d i f f e r -  
e n t i a l  changes i n  d e l a y  through t h e  LM S-band t r a n s p o n d e r  w i t h  
r e s p e c t  t o  t h e  S- t ransponder  of t h e  EVC w i l l  i n f l u e n c e  t h e  accu-  
r a c y  of t h e  r e l a t i v e  p o s i t i o n  d e t e r m i n a t i o n  of t h e  t w o  t r a n s p o n d e r s  
w h i l e  u n c e r t a i n t i e s  i n  s t a t i o n  t i m e  s y n c h r o n i z a t i o n  and i n  wave 
p r o p a g a t i o n  v e l o c i t y  w i l l  no t .  I t  w a s  assumed t h a t  t h e  u n c e r t a i n t y  
i n  measuring the  d i f f e r e n c e  between t w o  r ange  sums as described 
above w a s  2 1  meters. This  f i g u r e  i n c l u d e s  t he  u n c e r t a i n t y  due 
t o  any d i f f e r e n t i a l  d e l a y  i n  the  t w o  t r a n s p o n d e r s .  

A l t e r n a t i v e l y ,  the  d i f f e r e n c e  between t h e  s l a n t  r ange  
sum t o  t h e  EVC and t h e  s l a n t  range sum t o  the  LM c o u l d  be ob- 
t a i n e d  by measurinq t h e  s l a n t  r ange  sums as d e s c r i b e d  i n  S e c t i o n  
2.1.2 an; s u b t r a c t i n g  them a t  each s t a t i o n .  

( 6 ) D .  B. James, "A Method of Naviga t ing  
Moon," Memorandum fo r  F i l e ,  June 28,  1968. 

T h e  u n c e r t a i n t y  

On and iu'ear t h e  



i n  d e t e r m i n i n g  t h e  d i f f e r e n c e  between t w o  r a n g e  sums i n  t h i s  
manner would be 2 1  meters i f  t h e  pseudo n o i s e  r a n g i n g  capa-  
b i l i t y  o f  t h e  MSFN USE s t a t i o n s  were used  and 1.4 meters i f  
i n t e g r a t i o n  of  Doppler f requency  s h i f t  c o u n t s  w e r e  u s e d  t o  
make t h e  i n d i v i d u a l  s l a n t  range sum measurements.  

The p r e d i c t e d  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  
t h e  re la t ive  p o s i t i o n  o f  a n  EVC w i t h  r e s p e c t  t o  t h e  I& on t h e  
l u n a r  s u r f a c e  u s i n g  t h r e e  d i f f e r e n c e  measurements of s l a n t  
r a n g e  sums w a s  c a l c u l a t e d  us ing  t h e  error e q u a t i o n s  i n  S e c t i o n  2 . 0  
of Appendix B under  t h e  c o n d i t i o n s  described above. T h e  r e s u l t s  
o f  t h e s e  c a l c u l a t i o n s  appea r  i n  Table 1. 

2 . 1 . 4  One S l a n t  Range Measurement and Two D i f f e r e n c e  Measurements 
of S l a n t  Ranges 

For t h i s  case, s imul t aneous  measurements o f  s l a n t  r anqe  
between one  M S F N  s t a t i o n  and t h e  LM and of t h e  d i f f e r e n c e  b e t w e e n  
t h e  s l a n t  range  from t h e  LY t o  t h a t  s t a t i o n  and t h e  s l a n t  rangc  
from t h e  LM t o  e a c h  of  two o t h e r  s t a t i o n s  must be made 
s i m u l t a n e o u s l y  w i t h  co r re spond ing  measurements u s i n g  t h e  same 
M S F N  s t a t i o n s  w i t h  t h e  EVC. A s  i n d i c a t e d  ear l ier  i n  s e c t i o n  
2 . 1 . 1 ,  t h e  r e q u i r e d  s l a n t  range d a t a  could  be o b t a i n e d  throuqh 
t h e  use  o f  t h e  r ang ing  c a p a b i l i t y  of  t h e  VST? sys tem o r  by 
i n t e g r a t i o n  of  t h e  Doppler f requency  s h i f t  c o u n t s  p r o v i d e d  
through use  of  t h e  s l a n t  range r a t e  measuring c a p a b i l i t y  of t h e  
USB sys tem.  

To measure t h e  d i f f e r e n c e s  i n  s l a n t  r a n g e s ,  it i s  
proposed  t h a t  a d i g i t a l  sequence b e  t r a n s m i t t e d  from the Lv on 
one carr ier  f r equency  and a s i m i l a r  d i g i t a l  sequence be  
t r a n s m i t t e d  from t h e  EVC on a second carrier f r equency .  Two 
d i g i t a l  sequences  must be  g e n e r a t e d  a t  t h e  MSFN s t a t i o n s  
i d e n t i c a l  t o  t h o s e  t r a n s m i t t e d  from t h e  LE" and t h e  EVC. The  
c l o c k  f r e q u e n c i e s  r e q u i r e d  t o  d r i v e  t h e  t w o  d i g i t a l  sequence  
g e n e r a t o r s  must be  d e r i v e d  from t h e  two d i g i t a l  s equences  
r e c e i v e d  by t h e  MSFN s t a t i o n .  The " o n - s t a t i o n "  g e n e r a t e d  
d i g i t a l  sequences  would t h e n  be compared w i t h  t h e  co r re spond ing  
sequences  r e c e i v e d  from t h e  LM and t h e  FVC. The r e s u l t  of t h e s e  
compar isons  w i l l  be t w o  a r b i t r a r y  d e l a y  measurements a t  each  
s t a t i o n .  A r e f e r e n c e  p o i n t  f o r  a l l  f u t u r e  measurements must be 
o b t a i n e d  a t  some t i m e  when t h e  r e l a t ive  p o s i t i o n  of  t h e  LM and 
t h e  EVC i s  known. A f t e r  i n i t i a l i z a t i o n ,  t h e  c l o c k s  of t h e  
d i g i t a l  sequence g e n e r a t o r s  a t  t h e  LM and t h e  EVC must be 
s t ab le  o r  have  n e g l i g i b l e  r e l a t i v e  d r i f t  and t h e  d e l a y  v a r i a t i o n  
i n  t h e  equipments  c a r r i e d  by t h e  LM and t h e  EVC as w e l l  as i n  
t h e  M S F N  s t a t i o n s  used  i n  t h e  LM and t h e  PVC c h a n n e l s  must  h e  
n e g l i g i b l e .  Only t h e n  w i l l  changes i n  t h e  s l a n t  r ange  d i f f e r e n c e  
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between t h e  LM o r  t h e  EVC and t w o  MSFN s t a t i o n s  b e  p r o p o r t i o n a l  
t o  t h e  r e l a t i v e  change between t h e  a p p r o p r i a t e  d e l a y  measure- 
ments a t  each  o f  t h e  t w o  s t a t i o n s .  The LM and t h e  EVC would 
each  he r e q u i r e d  t o  c a r r y  one S-band t r a n s p o n d e r ,  one d i g i t a l  
sequence  or  pseudo n o i s e  code g e n e r a t o r ,  and an  RF t r a n s m i t t e r  
f o r  t r a n s m i t t i n g  t h e  d i g i t a l  sequence .  

The c l o c k  ra te  of  t h e  d i g i t a l  sequences  t r a n s m i t t e d  
by t h e  LM and t h e  EVC must be a t  l ea s t  an o r d e r  of  magni tude 
greater t h a n  t h e  c l o c k  ra te  used by t h e  e x i s t i n g  pseudo n o i s e  
code g e n e r a t o r s  o f  t h e  USB s t a t i o n s  (1 M H z )  i n  o r d e r  t o  o b t a i n  
t h e  n e c e s s a r y  r e s o l u t i o n  and accu racy  o f  t h e  s l a n t  r ange  
d i f f e r e n c e  d e t e r m i n a t i o n .  Hence ,  two new wideband FF channe l s  
( a t  l e a s t  1 0  t o  2 0  MHz bandwidth f o r  e a c h )  would have t o  be 
a l l o c a t e d  f o r  s p a c e  u s e  by t h e  DTM and a p p r o p r i a t e  s t a t i o n s  o f  
t h e  MSFN would have t o  b e  mod i f i ed  t o  accommodate t h e s e  channe l s  
and t o  p r o c e s s  t h e  d e t e c t e d  d i g i t a l  sequences  as d e s c r i b e d  
e a r l i e r  t o  o b t a i n  measures  of t h e  d i f f e r e n c e s  of s l a n t  r anges .  

Although u n c e r t a i n t i e s  i n  t i m e  s y n c h r o n i z a t i o n  among 
t h e  v a r i o u s  MSFN s t a t i o n s  and i n  t h e  s y n c h r o n i z a t i o n  o f  t h e  
c l o c k s  o f  t h e  d i g i t a l  sequence g e n e r a t o r s  o f  t h e  M S F N  s t a t i o n s ,  
t h e  LM, and t h e  EVC w i l l  i n t r o d u c e  b i a s  errors i n  t h e  
d e t e r m i n a t i o n  o f  t h e  a b s o l u t e  p o s i t i o n  o f  e i t h e r  t h e  LM o r  t h e  
EVC, t h e y  w i l l  have n e g l i g i b l e  e f f e c t  on t h e  d e t e r m i n a t i o n  of 
t h e i r  r e l a t ive  p o s i t i o n  s o  long as t h e s e  u n c e r t a i n t i e s  r e m a i n  
c o n s t a n t  a f t e r  i n i t i a l i z a t i o n .  Any d i f f e r e n t i a l  change i n  
d e l a y  i n  t h e  c i r c u i t r y  o f  t h e  t w o  channe l s  o c c u r r i n g  a f t e r  
i n i t i a l i z a t i o n  would i n t r o d u c e  b i a s  erros i n  t h e  r e l a t i v e  
p o s i t i o n  d e t e r m i n a t i o n .  

As w a s  done i n  t h e  p r e v i o u s  s e c t i o n s ,  t h e  random 
u n c e r t a i n t y  i n  a s l a n t  range measurement p rov ided  by t h e  c u r r e n t  
USB sys t em u s i n g  t h e  pseudo n o i s e  code r a n g i n g  c a p a b i l i t y  w a s  
assumed t o  b e  1 5  meters. I t  w a s  assumed t h a t  t h e  random 
u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of t h e  d i f f e r e n c e  between two 
s l a n t  r anges  i n c l u d i n g  t h e  e f f e c t s  of changes i n  d i f f e r e n t i a l  
d e l a y  i n  t h e  t w o  c h a n n e l s  a f te r  i n i t i a l i z a t i o n  due t o  c i r c u i t r y  
d e l a y  d r i f t s  and c l o c k  s y n c h r o n i z a t i o n  d r i f t  would be  i n  t h e  
r a n g e  o f  0 . 1  meter t o  1 . 0  meter. 

The p r e d i c t e d  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  
t h e  r e l a t i v e  p o s i t i o n  of t h e  EVC w i t h  r e s p e c t  t o  t h e  LM on t h e  
l u n a r  s u r f a c e  u s i n g  two se t s  of one s l a n t  r ange  and t w o  s l a n t  
r a n g e  d i f f e r e n c e  measurements w a s  c a l c u l a t e d  u s i n g  t h e  e r r o r  
e q u a t i o n s  i n  s e c t i o n  2 .0  o f  Appendix A and s e c t i o n  1 . 0  o f  
Appendix B fo r  t h e  c o n d i t i o n s  o u t l i n e d  above. The r e s u l t s  of 
t h e s e  c a l c u l a t i o n s  a p p e a r  i n  Table  1. 
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2 . 2  Lunar-Based E l e c t r o n i c  and Laser  Trackincj S v s t e r s  

The major d i f f i c u l t y  i n  provicl inq an accurate  l u n a r -  
based  t r a c k i n q  sys tem t o  de te rmine  t h e  r e l a t i v e  p o s i t i o n  of an 
TVC i s  t h a t  l i n e - o f - s i g h t  between t h e  I,M and an FVC on a 
tyr : ica l  t r a v e r s e  o u t  t o  5 k i l o m e t e r s  f rom t h e  LF" a t  a t y o i c a l  
landincr s i t e  canno t  be gua ran teed  even w i t h  t h e  u s e  of long  
hoor~s (I) because  o f  o b s t r u c t i o n s  caused  by t h e  i r r e g u l a r  l u n a r  
t e r r a i n  cogpled  w i t h  t h e  e f f e c t s  o f  t h e  g e n e r a l  c u r v a t u r e  o f  
t h e  Moon's s u r f a c e .  P o s s i b l e  s o l u t i o n s  t o  t h i s  o b s t r u c t i o n  
problem i n  d e t e r m i n i n g  t h e  p o s i t i o n  o f  an FVC w i t h  respect t o  
t h e  LM, o t h e r  t h a n  t h e  u s e  of Ear th-hased  t r a c k i n g  sys t ems ,  
are t o  use  ( a )  one o r  m o r e  po r t ab le -dep loyab le  l i n e - o f - s i g h t  
t r a c k i n q  sys tems which cou ld  be  set  up t o  t r a c k  t h e  FVC when 
o u t  of l i n e - o f - s i g h t  of t h e  LJf and t o  r e l a y  t h e  t r a c k i n q  
i n f o r m a t i o n  t o  t h e  LM f o r  p r o c e s s i n g ,  o r  (b) LM-centered 
t r a c k i n g  s y s t e m  which c a n  make u s e  of t h e  p r o n e r t y  o f  qround 
wave r a d i o  Dropagat ion  beyond t h e  l u n a r  h o r i z o n  i n  t h e  100 PJTz 
t o  1 0  MHz f r equency  band d i s c u s s e d  by Schmid. ( 7 )  These p o t e n t i a l  
s o l u t i o n s  are  d i s c u s s e d  i n  t h e  f o l l o w i n g  pa rag raphs .  

3.2.1 Line-of-Sight  Pelay Tracking Fys t ens  

For  t h i s  case, a t r ansponder  c a r r i e d  by an FT7C would 
be t r a c k e d  by a LM-centered t r a c k i n g  sys tem u n t i l  i t s  l i n e - o f -  
s i g h t  t o  t h e  t r a n s p o n d e r  an tenna  w a s  o b s t r u c t e d .  P r i e r  t o  
l o s i n g  l i n e - o f - s i g h t  of t h e  I N ,  t h e  EVC would dep loy  a por tab le  
t r a c k i n g  sys tem package which c o u l d  m a i n t a i n  l i n e - o f - s i g h t  o f  
t h e  crewman d u r i n g  p o r t i o n s  of t h o s e  p e r i o d s  when t h e  crewman 
was n o t  w i t h i n  l i n e - o f - s i g h t  of t h e  L M .  The t r a c k i n g  i n f o r -  
mat ion  g a t h e r e d  on t h e  p o s i t i o n  of  t h e  t r a n s p o n d e r  c a r r i e d  by 
crewman w i t h  r e s p e c t  t o  t h e  p o r t a b l e  t r a c k i n g  sys t em pac1:age 
c o o r d i n a t e s  would Se t r a n s m i t t e d  t o  t h e  LM f o r  p r o c e s s i n g  v i a  
a l i n e - o f - s i g h t  RF l i n k  o r  via  a ground wave R F  l i n k .  The 
p o s i t i o n  of t h e  por tab le  t r a c k i n g  sys tem packaqe deployed t y  
t h e  crewman would be determined by t h e  LM-centered t r a c k i n g  
system. P r i o r  t o  l o s i n g  l i n e - o f - s i g h t  of t h e  deployed  p o r t a 5 l e  
t r a c k i n g  sys tem package wh i l e  r ema in ing  o u t  o f  s i q h t  of t h e  LM, 
a second p o r t a b l e  t r a c k i n g  s y s t e m  package c o u l d  be  deployed by 
t h e  FVC. The p o s i t i o n  of t h e  second deployed  p o r t a b l e  t r a c k i n g  
sys t em package would be determined through u s e  of t h e  f i r s t  
deployed p o r t a b l e  t r a c k i n g  s y s t e m  package. The t r a c k i n g  
i n f o r m a t i o n  on t h e  movements of t h e  I X C  would be t r a n s m i t t e d  t o  
t h e  LM f o r  p r o c e s s i n g  v i a  a l i n e - o f - s i g h t  R F  r e l a y  l i n k  throuqh 
t h e  f i r s t  deployed  portable  t r a c k i n g  sys t em s a c k a q e  o r  v i a  a 
d i r e c t  qround wave RF l i n k .  Pny number o f  p o r t a b l e  t r a c k i n g  

( 7 )  K. H. Schmid, "Required T r a n s m i t t e r  P o w e r  f o r  Ground 
Yave Radio P r o p a g a t i o n  Beyond t h e  Lunar Horizon i n  t h e  1 0 0  kEIz 
t o  1 0  MHz Frequency Band," Memorandum f o r  F i l e ,  J u l y  2 3 ,  1969. 



B E L L C O M M ,  I N C .  - 1 4  - 

sys t ems  c o u l d  be  s i m i l a r l y  deployed.  The number o f  and t h e  
f r equency  a l l o c a t i o n s  f o r  t h e  d a t a  l i n k s  and t h e  t r a c k i n g  l i n k s  
t o  a v o i d  r a d i o  f requency  i n t e r f e r e n c e  have n o t  been c o n s i d e r e d  
by t h e  w r i t e r  n o r  have t h e  o p e r a t i o n a l  p rocedures  f o r  such  a 
sys tem.  

The o n l y  type  of t r a c k i n g  sys tem c o n s i d e r e d  f o r  u s e  
i n  t h i s  a p p l i c a t i o n  were s p h e r i c a l  c o o r d i n a t e  t r a c k i n g  sys tems 
( r e l a t i v e  p o s i t i o n  g i v e n  i n  t e r m s  of s l a n t  r ange  and two 
o r t h o g o n a l l y  r e l a t e d  ang le s ,  f r e q u e n t l y  azimuth and e l e v a t i o n ) .  
Both R F  and l a se r  t r a c k i n g  sys tems w e r e  c o n s i d e r e d .  U s e  o f  
f r e q u e n c i e s  as h i g h  as p o s s i b l e  are a t t r a c t i v e  t o  p e r m i t  
r e d u c t i o n  of t h e  s i z e  of t h e  an tenna  of t h e  t r a c k i n g  sys tem 
w h i l e  m a i n t a i n i n g  comnensurate a n g l e  neasurement  accu racy .  

The X-Land rendezvous r a d a r  of  t h e  LM of t h e  F p o l l o  
Program c o u l d  be used  t o  t rack  an SVC e q u i p t x d  w i t h  an  X-band 
rendezvous  r a d a r  t r a n s p o n d e r  u n t i l  l i n e - o f - - s i g h t  i s  l o s t .  The 
s l a n t  r ange  and a n g l e  measurement a c c u r a c i e s ,  i n c l u d i n g  b o t h  
b i a s  and random e r r o r  c o n t r i b u t i o n s ,  f o r  t h e  X-hand rendezvous 
r a d a r  are s p e c i f i e d  a t  1 0  meters and 1 0  m i l l i r a d i a n s ,  
r e s p e c t i v e l y .  A laser r a d a r  c o u l d  be used  t o  t r a c k  a r e t r o -  
r e f l e c t o r  carried by t h e  EVC on a s t a f f  (Lunar Surveying  
Sys t em) .  The s l a n t  range and a n g l e  measurement a c c u r a c i e s  
q u o t e d  f o r  t h e  Lunar Surveying Systems are 0 .5  meters and 0 . 5  
d e g r e e s ,  r e s p e c t i v e l y .  

The p r e d i c t e d  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  
t h e  p o s i t i o n  of  t h e  E W  i n  a n  a r b i t r a r y  r igh t -hand  r e c t a n g u l a r  
c o o r d i n a t e  sys tem c e n t e r e d  a t  t h e  LM u s i n g  t h e  s p h e r i c a l  
c o o r d i n a t e  t r a c k i n g  sys tems d e s c r i b e d  above w a s  c a l c u l a t e d  
u s i n g  t h e  e r r o r  e q u a t i o n s  i n  s e c t i o n  3 . 0  of Appendix 3 f o r  t h e  
case when t h e  crewman i s  w i t h i n  l i n e - o f - s i g h t  o f  t h e  LM a t  
r a n g e s  o f  2 and 5 k i l o m e t e r s  f o r  azimuth and e l e v a t i o n  a n g l e s  
of 4 5  d e g r e e s  and  -5 degrees ,  r e s p e c t i v e l y .  The r e s u l t s  of 
t h e s e  c a l c u l a t i o n s  appea r  i n  Table  2 .  I t  i s  assumed t h a t  t h e  
l o c a t i o n  of t h e  LM and t h e  a t t i t u d e  of t h e  LM and ,  as a 
consequence ,  t h e  r e f e r e n c e  c o o r d i n a t e  sys tem w i l l  h e  p r e c i s e l y  
known. Using t h e s e  v a l u e s  f o r  u n c e r t a i n t y  i n  t h e  l o c a t i o n  of 
t h e  f i rs t  p o r t a b l e  t r a c k i n g  sys tem package deployed  approx ima te ly  
2 k i l o m e t e r s  from t h e  LM and assuming t h e  accu racy  i n  a l i g n i n g  
t h e  a t t i t u d e  of  the t r a c k i n g  p l a t f o r m  o f  t h e  package w a s  1 . 0  
d e g r e e  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  c o o r d i n a t e  sys tem of t h e  LM 
i n  both of  t h e  o r t h o g o n a l  a n g l e s ,  t h e  p r e d i c t e d  u n c e r t a i n t y  i n  
t h e  d e t e r m i n a t i o n  of t h e  p o s i t i o n  of t h e  FVC i n  t h e  LM-centered 
a r b i t r a r y  c o o r d i n a t e  sys tem was c a l c u l a t e d  u s i n g  t h e  e r r o r  
e q u a t i o n s  i n  s e c t i o n  3 . 0  of Appendix B f o r  t h e  case when t h e  
crewman i s  w i t h i n  l i n e - o f - s i g h t  of t h e  f i r s t  deployed  p o r t a b l e  
t r a c k i n g  sys tem package a t  a r ange  of 2 k i l o m e t e r s  f o r  azimuth 
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and e leva t ion  a n g l e s  of - 4 5  degrees  and -5 d e g r e e s ,  r e s p e c t i v e l y .  
The r e s u l t s  of  t h e s e  c a l c u l a t i o n s  appea r  i n  Table  2 .  The r e s u l t s  
o f  s imi l a r  c a l c u l a t i o n s  a l so  appea r  i n  Table  2 f o r  t h e  c a s e  when 
t h e  crewman i s  w i t h i n  l i n e - o f - s i g h t  of  t h e  second deployed  
p o r t a b l e  t r a c k i n g  system package a t  a r ange  o f  2 k i l o m e t e r s  f o r  
az imuth  and e l e v a t i o n  a n g l e s  of 45 d e g r e e s  and -5 d e g r e e s ,  
r e s p e c t i v e l y  . 
2 . 2 . 2  Ground Wave Tracking  Systems 

A s  a consequence o f  u s i n g  ground wave r a d i o  p r o p a g a t i o n  
f o r  t r a n s m i s s i o n  of t r a c k i n g  sys tem s i g n a l s  t o  a remote r e c e i v e r  
o r  t r a n s p o n d e r ,  e l e v a t i o n  ang le  canno t  be  measured by a s i n g l e  
t r a c k i n g  s t a t i o n .  T h e r e f o r e ,  u s e  of  a s p h e r i c a l  c o o r d i n a t e  
t r a c k i n g  sys tem l o c a t e d  a t  t h e  LM f o r  d e t e r m i n i n g  t h e  r e l a t i v e  
p o s i t i o n  o f  t h e  EVC as d i s c u s s e d  i n  t h e  p r e v i o u s  s ec t ion  i s  n o t  
p o s s i b l e  when o p e r a t i n g  a t  f r e q u e n c i e s  i n  t h e  100 kHz t o  1 0  MIIZ 
band. However, azimuth a n g l e  can  be  measured u s i n g  c o n v e n t i o n a l  
R F  d i r e c t i o n  f i n d i n g  t echn iques  c u r r e n t l y  employed on F a r t h .  The  
a c c u r a c y  of t h e  azimuth a n g l e  measurement w i l l  be  r e l a t i v e l y  
gross ,  p robab ly  no  b e t t e r  t han  2 t o  3 d e g r e e s .  This  o r d e r  of 
a c c u r a c y  would be  s u f f i c i e n t  t o  e n a b l e  an EVC t o  n a v i g a t e  t o  an 
area w i t h i n  l i n e - o f - s i g h t  of t h e  LM o r  o f  a n o t h e r  TI7C h u t  would 
n o t  b e  v e r y  u s e f u l  i n  de t e rmin ing  t h e  p r e c i s e  p o s i t i o n  of  t h e  
crewman w i t h  r e s p e c t  t o  t h e  LM. 

An a l t e r n a t i v e  t o  t h e  u se  o f  a t r a c k i n g  system which 
depends upon t h e  measurement of a n g l e s  i s  t o  u s e  a t r a c k i n g  
sys t em which depends s o l e l y  upon t h e  measurement of d i s t a n c e  
and/or  t h e  measurement of  t h e  d i f f e r e n c e  between t w o  d i s t a n c e s .  
T o  d e f i n e  t h e  p o s i t i o n  of  a p o i n t  i n  t h r e e  d imens ions ,  s l a n t  
ranges from t h r e e  p o i n t s  of known p o s i t i o n  t o  t h e  unknown p o i n t  
O r  t h e  d i f f e r e n c e  of s l a n t  r anges  ( o r  sum of s l a n t  r a n g e s )  
from two p o i n t s  of  known p o s i t i o n  t o  t h e  unknown p o i n t  f o r  three 
p a i r s  of p o i n t s  ( t h r e e  p o i n t s  are  s u f f i c i e n t  t o  p r o v i d e  t h r e e  
d i f f e r e n t  p a i r s )  of known p o s i t i o n  are r e q u i r e d .  I t  s h o u l d  b e  
n o t e d  t h a t  t h e  accu racy  i n  t h e  d e t e r m i n a t i o n  of  t h e  p o s i t i o n  of 
t h e  unknown p o i n t  depends upon t h e  s i z e  o f  t h e  b a s e l i n e s ,  t h e  
d i s t a n c e  between t h e  unknown p o i n t  and t h e  b a s e l i n e ,  t h e  
l o c a t i o n  of t h e  p o i n t  compared t o  t h e  " l i n e - o f - s h o o t "  o f  t h e  
sys t em,  and t h e  u n c e r t a i n t y  i n  t h e  measurement of  s l a n t  r ange ,  
sum o f  t w o  s l a n t  r anges  o r  d i f f e r e n c e  o f  two s l a n t  r anges .  

R e s u l t s  o f  a p r e l i m i n a r y  c a l c u l a t i o n  of t h e  p o s i t i o n  
o f  an EVC on t h e  l u n a r  s u r f a c e  u s i n g  d i s t a n c e  data  from t h r e e  
p o i n t s  of known p o s i t i o n  on t h e  l u n a r  s u r f a c e  u s i n g  t h e  e r r o r  
equat ions i n  s ec t ion  4 . 1  of Appendix B i n d i c a t e d  t h a t  t h e  
u n c e r t a i n t y  i n  t h e  h e i g h t  o f  t h e  EVC above ( o r  below) t h e  p l a n e  
d e f i n e d  by  t h e  t h r e e  p o i n t s  of known p o s i t i o n  w a s  so  l a r g e  
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( 7 7 0  meters) t h a t  d e t e r m i n a t i o n  o f  t h i s  h e i g h t  was mean ing le s s .  
Unfavorable  geometry of t h e  t h r e e  p o i n t s  of known p o s i t i o n  w i t h  
r e s p e c t  t o  t h e  EVC p o s i t i o n  was t h e  r e a s o n  f o r  t h i s  l a r g e  
u n c e r t a i n t y .  For  t h i s  c a l c u l a t i o n ,  i t  was assumed t h a t :  

t h e  LM was t h e  c e n t r a l  one o f  t h r e e  s t a t i o n s  on t h e  
l u n a r  s u r f a c e  forming two p e r p e n d i c u l a r  b a s e l i n e s .  

t h e  t w o  s t a t i o n s  o t h e r  t h a n  t h e  LM were deployed  by 
an EVC 500 meters from t h e  LM forming  two p e r p e n d i c u l a r  
b a s e l i n e s  w i t h i n  t h e  accu racy  of t h e  laser r a d a r  of t h e  
Lunar Surveying  System from t h e  LM. 

t h e  EVC t o  be l o c a t e d  w a s  5 k i l o m e t e r s  from t h e  TJ? on a 
l i n e  b i s e c t i n g  the a n g l e  between t h e  two b a s e l i n e s .  

t h e  accu racy  o f  t h e  d i s t a n c e  measurements from e a c h  
s t a t i o n  t o  t h e  EVC w a s  10 meters. 

t h e  d i s t a n c e  measurements c o u l d  h e  c o n v e r t e d  t o  s l a n t  
r ange  d a t a  wh i l e  m a i n t a i n i n g  an  accu racy  of  1 0  meters. 

The r e s u l t s  o f  t h i s  c a l c u l a t i o n  are i n c l u d e d  i n  Table 2 .  

As a consequence of t h i s  f i n d i n g ,  it appeared  l o g i c a l  
t o  assume t h a t  t h e  ElVC w a s  on  a s u r f a c e  of a g e o m e t r i c a l  s o l i d  
which approximates  t h a t  p o r t i o n  o f  t h e  s u r f a c e  of t h e  Moon which 
is of i n t e r e s t .  T h i s  assumption is made by s h i p s  a t  sea on 
E a r t h  when u s i n g  such  systems as Loran and R a y d i s t  as n a v i g a t i o n  
a i d s .  I t  must be p o s s i b l e  t o  d e t e r m i n e  a d i r e c t  e x p r e s s i o n  f o r  
t h e  c o o r d i n a t e s  o f  a l i n e  o f  p o s i t i o n  p r o v i d e d  by t h e  t r a c k i n g  
sys tem on any g e o m e t r i c a l  s o l i d  chosen t o  approximate  t h e  s u r f a c e  
of t h e  Moon so t h a t  t h e  p o s i t i o n  of  a t r a n s p o n d e r  carried by t h e  
EVC can  b e  u n i q u e l y  d e f i n e d  from t h e  i n t e r s e c t i o n  of two l i n e s  
of p o s i t i o n .  For  convenience and ease o f  d e r i v a t i o n  o f  e r r o r  
e q u a t i o n s  f o r  v a r i o u s  t y p e s  of t r a c k i n g  sys t ems ,  t h a t  p o r t i o n  of 
i n t e r e s t  o f  t h e  s u r f a c e  of t h e  Moon w a s  approximated by a p l a n e  
i n  t h i s  memorandum. 

Two t y p e s  of t r a c k i n g  sys tems w e r e  b r i e f l y  examined 
unde r  t h e  c o n d i t i o n s  of  t h e  approximat ion  d i s c u s s e d  i n  t h e  
p r e v i o u s  pa rag raph ;  namely, (a)  t h e  measurement o f  d i s t a n c e  
from two p o i n t s  of known p o s i t i o n  t o  t h e  EVC and (b) t h e  measure- 
ment of t h e  d i f f e r e n c e  i n  d i s t a n c e  from t w o  p o i n t s  of  known 
p o s i t i o n  t o  t h e  EVC f o r  t w o  p a i r s  of p o i n t s  o f  known p o s i t i o n .  
I t  s h o u l d  be  n o t e d  t h a t  a l l  p o i n t s  i n  a p l a n e  which are a g i v e n  
d i s t a n c e  from a f i x e d  p o i n t  i n  t h a t  p l a n e  make up a cu rve  which 
i s  a c i rc le .  All p o i n t s  i n  a p l a n e  a t  which t h e  d i f f e r e n c e  
between t h e  d i s t a n c e s  t o  two f i x e d  p o i n t s  of known l o c a t i o n  a r e  
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t h e  same make up a c u r v e  which i s  a hype rbo la .  The i n t e r s e c t i o n  
o f  any two such  c u r v e s  coupled w i t h  some a D r i o r i  knowledge of 
t h e  g e n e r a l  l o c a t i o n  of the p o i n t  of  i n t e r e s t  t o  resolve 
l o c a t i o n  a m b i g u i t i e s  w i l l  d e f i n e  the p o s i t i o n  of t h a t  p o i n t .  

I t  s h o u l d  h e  n o t e d  t h a t  a minimum o f  t h r e e  s t a t i o n s  
of  known l o c a t i o n  on t h e  l u n a r  s u r f a c e  are r e q u i r e d  t o  p r o v i d e  
s u f f i c i e n t  d a t a  t o  de t e rmine  t h e  p o s i t i o n  of  t h e  EVC i f  the 
" d i f f e r e n c e  i n  d i s t a n c e ' '  or h y p e r b o l i c  t r a c k i n g  sys tem i s  used  
w h i l e  a minimum o f  two s t a t i o n s  i s  r e q u i r e d  i f  a " d i s t a n c e  
measurement" t r a c k i n g  sys tem is used.  S i n c e  t h e  e x p e c t e d  
p o s i t i o n  d e t e r m i n a t i o n  a c c u r a c i e s  o f  t h e  t w o  sys tems are 
rough ly  comparable ,  f u r t h e r  c o n s i d e r a t i o n  of  t h e  h y p e r b o l i c  
t r a c k i n g  system w a s  s t o p p e d  because  of t h e  e x t r a  complexi ty  
i n t r o d u c e d  by t h e  r e q u i r e d  deployment by a crewman o f  a second 
s t a t i o n .  The LM, o f  c o u r s e ,  would s e r v e  as one of t h e  s t a t i o n s  
i n  e i t h e r  o f  t h e s e  t r a c k i n g  s y s t e m s .  

I n  t h e  sys tem c o n s i d e r e d ,  measurements of  d i s t a n c e  
from t h e  LM t o  t h e  EVC and from a second s t a t i o n  deployed  on 
t h e  l u n a r  s u r f a c e  t o  t h e  crewman are r e q u i r e d  s i m u l t a n e o u s l y .  
Hence, t h e  EVC would be r e q u i r e d  t o  c a r r y  two t r a n s p o n d e r s ,  one 
compa t ib l e  w i t h  t h e  o p e r a t i n g  f r e q u e n c i e s  of t h e  LrI s t a t i o n  and 
t h e  other compa t ib l e  w i t h  t h e  o p e r a t i n g  f r e q u e n c i e s  of t h e  
second s t a t i o n  i n  o r d e r  t o  avo id  r a d i o  f r equency  i n t e r f e r e n c e  
problems.  I t  i s  a n t i c i p a t e d  t h a t  t h e  accu racy  of t h e  d i s t a n c e  
measurement c o u l d  be as good as  1 0  meters i f  t h e  phase  o f  t h e  
t r a n s m i t t e d  and r e c e i v e d  c a r r i e r  f r e q u e n c i e s  are compared a t  
t h e  s t a t i o n s  t o  p r o v i d e  t h e  f i n e  g r a i n  d i s t a n c e  data .  However, 
ground wave r a d i o  p r o p a g a t i o n  d e l a y  anomal ies  r e s u l t i n g  from 
improper  p r e d i c t i o n  of  t h e  e l e c t r i c a l  c o n s t a n t s  of t h e  l u n a r  
s u r f a c e  o r  from t h e  ground wave t r a v e r s i n g  mountains  and 
v a l l e y s  and d e l a y  i n s t a b i l i t i e s  i n  t h e  t r a n s p o n d e r s  and o t h e r  
c i r c u i t r y  are p o t e n t i a l  error s o u r c e s  which must be  b e t t e r  
unde r s tood  i f  t h i s  t r a c k i n g  s y s t e m  were t o  be  adopted .  S i n c e  
t h e  speed  o f  t h e  EVC i s  smal l ,  any u n c e r t a i n t i e s  i n  t i m e  
s y n c h r o n i z a t i o n  between t h e  LM s t a t i o n  and t h e  second s t a t i o n  
w i l l  have n e g l i g i b l e  e f f e c t  on t h e  d e t e r m i n a t i o n  o f  t h e  p o s i t i o n  
of t h e  EVC. 

I t  w a s  assumed t h a t  t h e  laser r a d a r  of t h e  Lunar 
Survey ing  System on t h e  LM w i l l  be  used  t o  d e t e r m i n e  t h e  
p o s i t i o n  o f  t h e  second s t a t i o n  deployed  by a crewman. There- 
fore ,  t h e  second s t a t i o n  was assumed t o  b e  located 500 meters 
from t h e  LM w i t h  a n  u n c e r t a i n t y  of 0 . 5  m e t e r s  i n  t h e  r a d i a l  
d i r e c t i o n  and 0 .5  degrees i n  azimuth a n g l e  w i t h  r e s p e c t  t o  t h e  
LM-centered r e f e r e n c e  r e c t a n g u l a r  c o o r d i n a t e  sys tem whose 
o r i e n t a t i o n  w a s  assumed t o  be p r e c i s e l y  known. 
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The p r e d i c t e d  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of t h e  
p o s i t i o n  of an EVC w i t h  r e s p e c t  t o  t h e  LY u s i n g  two d i s t a n c e  
measurements from s t a t i o n s  on t h e  l u n a r  s u r f a c e  w a s  c a l c u l a t e d  
u s i n g  t h e  e r r o r  e q u a t i o n s  i n  s e c t i o n  4.2 o f  Appendix B under  
t h e  c o n d i t i o n s  described above when t h e  crewman i s  5 k i l o m e t e r s  
from t h e  LM and e q u i d i s t a n t  from t h e  LM and t h e  second s t a t i o n .  
The u n c e r t a i n t y  i n  t h e  r e l a t i v e  p o s i t i o n  d e t e r m i n a t i o n  r e s u l t i n g  
from t h e  e r r o r  i n  measuring t h e  azimuth a n g l e  o f  t h e  l o c a t i o n  o f  
t h e  second s t a t i o n  w a s  added t o  t h e  u n c e r t a i n t y  c a l c u l a t e d  as 
d e s c r i b e d  above on a root-sum-square basis  t o  o b t a i n  t o  t o t a l  
p r e d i c t e d  u n c e r t a i n t y .  These c a l c u l a t i o n s  w e r e  r e p e a t e d  
assuming t h e  second s t a t i o n  was l o c a t e d  1 0 0 0  meters from t h e  LM 
r a t h e r  t h a n  500 meters w h i l e  keep ing  a l l  o t h e r  c o n d i t i o n s  
c o n s t a n t .  The r e s u l t s  of t h e s e  c a l c u l a t i o n s  appea r  i n  Table 2 .  
I t  s h o u l d  be n o t e d  t h a t  t h i s  l o c a t i o n  of t h e  crewman i s  on t h e  
" l i n e - o f - s h o o t "  of t h i s  t r a c k i n g  sys tem c o n f i g u r a t i o n  where t h e  
accu racy  w i l l  be t h e  best .  For l o c a t i o n s  of t h e  crewman g r e a t e r  
t h a n  60  degrees f r o m  t h e  " l i n e - o f - s h o o t "  o f  t h i s  t r a c k i n g  
sys t em,  t h e  u n c e r t a i n t y  i n  p o s i t i o n  d e t e r m i n a t i o n  blows up 
r a p i d l y .  

I f  t h e  sum o f  t h e  d i s t a n c e s  from t h e  LM t o  t h e  EVC 
and from t h e  EVC back t o  t h e  LM and t h e  sum o f  t h e  d i s t a n c e s  
f r o m  t h e  LM t o  t h e  EVC and from t h e  EVC t o  t h e  second s t a t i o n  
w e r e  measured i n s t e a d  of  t h e  d i s t a n c e s  as d i s c u s s e d  above,  t h e  
EVC would be r e q u i r e d  t o  carry o n l y  one t r a n s p o n d e r .  I n  t h i s  
case, t r a n s m i s s i o n s  would e m a n a t e  from t h e  LM and be received, 
turned-around,  and r e t r a n s m i t t e d  by t h e  t r a n s p o n d e r  and R F  
sys tem carried by t h e  crewman t o  t h e  LM and t o  t h e  second 
s t a t i o n  s i m u l t a n e o u s l y .  Reference s i g n a l s  c o u l d  be t r a n s m i t t e d  
fron t h e  LM t o  t h e  second s t a t i o n  f o r  u s e  i n  de t e rmin ing  t h e  
d i s t a n c e  sum from t h e  LM t o  t h e  EVC t o  t h e  second s t a t i o n  or  
t h e  s i g n a l  received by t h e  second s t a t i o n  c o u l d  be r e l a y e d  t o  
t h e  LM f o r  d e t e r m i n a t i o n  o f  t h e  d i s t a n c e  sum. Although t h e  
d i f f e r e n t i a l  change i n  d e l a y  a f t e r  c a l i b r a t i o n  between t h e  t w o  
t r a n s p o n d e r s  carried by t h e  crewman i s  e l i m i n a t e d  as an e r r o r  
s o u r c e  i n  t h i s  t e c h n i q u e  because  o n l y  one t r a n s p o n d e r  i s  u s e d ,  
any d r i f t  i n  t h e  a b s o l u t e  d e l a y  i n  t h e  communications l i n k  
( i n c l u d i n g  a l l  c i r c u i t s )  between t h e  LM and t h e  second s t a t i o n  
a f t e r  c a l i b r a t i o n  w i l l  be added as an e r r o r  s o u r c e .  I t  w a s  
assumed t h a t  t h e  s t a n d a r d  d e v i a t i o n  o f  the measurements of the  
sum o f  two d i s t a n c e s  would be 1 0  meters. I t  s h o u l d  be n o t e d  
t h a t ,  t o  measure t h e  sum of t w o  d i s t a n c e s  w i t h  t h e  same accuracy  
as a d i s t a n c e  measurement i s  made, the u n c e r t a i n t y  i n  t h e  d e l a y  
t h r o u g h  a t r a n s p o n d e r  which i s  used  i n  b o t h  measurements must be 
h a l v e d  fo r  t h e  d i s t a n c e  sum measurements,  w i t h  a l l  o t h e r  t h i n g s  
b e i n g  e q u a l .  The p r e d i c t e d  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  Of 
r e l a t ive  p o s i t i o n  of an  EVC and t h e  Lp?I u s i n g  two d i s t a n c e  



B E L L C - O M M  I N C  - 19 - 

sum measurements by stations on the lunar surface was calculated 
using the error equations in Section 4 . 3  of Appendix B under the 
conditions described above when the second station is 500 meters 
from the LM and the crewman is 5 kilometers from both the IsJl and 
the second station. The results of these calculations appear in 
Table 2. 

3.0 SUMMARY 

The results of the calculations made to estimate the 
standard deviation of the uncertainty in determining the position 
of an extravehicular crewman with respect to the LM on the lunar 
surface appear in Table 1 for the Earth-based electronic tracking 
system configurations investigated and in Table 2 for the lunar- 
based tracking systems. The advantages and disadvantages of the 
methods investigated for relative position determination as weii 
as a description of the methods are summarized in Table 3 .  In all 
cases it was assumed that the location and the orientation of the 
L M  on the lunar surface could be determined independently and 
would be precisely known. The calculations on all of the darth- 
based electronic tracking system configurations investigated 
were based on the use of the USB stations of the M S F N  located 
at Ascension, Bermuda, and Goldstone, a fixed location of the 
LM, and a fixed location of the EVC with respect to the LM. 
The LM on the lunar surface was assumed to be equidistant from 
these three M S F N  stations while the EVC was assumed to be 
positioned on the lunar surface at a slant range from the LM 
of 5 kilometers. As expected and shown in Table 1, the determi- 
nrition of the value of that coordinate of the relative position 
of the EVC with respect to the LM corresponding approximately 
to the difference in slant range from the M S F N  stations to the 
LM and the EVC will be significantly more accurate than the 
determination of the value of the cross slant range coordinates 
because of the non-optimum geometry between the tracking stations 
on Earth and the transponders carried by the LM and EVC on the 
Moon. 

Of the four Earth-based tracking system configurations 
investigated, the use of slant range sum data obtained through 
integration of Doppler frequency counts is the most attractive 
from the standpoints of minimizing equipment impact to the existing 
or planned capabilities of the stations of the M S F N  and of mini- 
mizing the amount and complexity of equipment which must be carried 
by an EVC. N o  modifications would be required at any M S F N  stations 
provided with a dual tracking capability. The EVC would be required 
to carry only one coherent S-band transponder (plus spares) and an 
RF receiving and transmitting system. The RF transmitting system 
could be low power because only an unmodulated continuous wave 
carrier would need to be transmitted. At a cost of increased 
effective radiated power requirements and some increased equip- 
ment complexities, this link could also be used as a direct link 



for voice communications with and telemetry transmission to 
stations of the M S F N .  Relative position determination uncer- 
tainties of the order of 280 meters total are possible if 
integration of the random error of Doppler frequency counts 
over relatively long periods of time does not exceed 1 meter 
and if bias errors in the measurement of Doppler frequency 
counts at each station are approximately the same for both 
the LM and the EVC channels. It is clear that the types of 
and/or statistics of bias errors and random errors in slant 
range or slant range sum measurements made by USB stations 
of the M S F N  using the pseudo-noise ranging capability or 
through integration of Doppler frequency counts obtained using 
the range rate measuring capability must be determined before 
a more reliable estimate of the relative position determination 
uncertainty can be made. It is clear, however, that the 
standard deviation of the error on the measurement of slant 
range, slant range sum, difference of slant ranges, or differ- 
ence of slant range sums by Earth-based stations must be on 
the order of one meter or less for the use of the Earth-based 
tracking system configurations investigated to be attractive 
in this application. 

Although the Earth-based tracking system configuration 
where one slant range measurement and two difference measurements 
of slant range are made appears attractive from the standpoint of 
the magnitude of the uncertainty in relative position determi- 
nation, implementation may prove troublesome because of problems 
of frequency allocation for the necessary wideband channels, 
equipment impact at existing stations of the MSFN, and mainte- 
nance of long term (up to 4 hours after calibration) delay 
variation under 0 . 3  nanoseconds in the applicable equipments 
carried by the LM and the EVC and in the stations of the MSFN 
which are included in the channels of the LM and the EVC, 
respectively. 

Of the lunar-based electronic and laser tracking 
systems investigated, line-of-sight tracking of the EVC using 
portable spherical coordinate tracking system packages from 
which data would be transferred to the LM appears to offer 
the most accurate method for determining the relative position 
of the EVC with respect to the LM. However, major problems do 
exist including (a) the limitation on the weight and volume of 
a load which an EVC can transport on the lunar surface in 
addition to that required for scientific and life support 
reasons and (b) the design of a rugged, light weight, and 
small package providing automatic acquisition and tracking of 
a target using the necessarily narrow beamwidth over ranges 
extending from approximately 1 meter to 5 kilometers. The 
over-the-horizon lunar-based electronic tracking systems 
investigated for use only when the LM and the EVC are not 
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within line-of-sight do not offer significant improvement in 
the accuracy of relative position determination of the EVC over 
that provided by Earth-based tracking system configurations 
examined unless long baseline(s) are used. Thus one of the 
traverses of an EVC would have to be spent deploying and 
accurately locating remote tracking station ( s )  . Furthermore, 
if only one baseline were used, it must be possible to 
approximate closely that portion of the lunar surface of 
interest with the surface of a geometrical solid on which 
the lines of position provided by the tracking system can 
be defined by explicit equations in order to maintain reason- 
able relative position determination accuracy. Although use 
of ground wave propagation of low frequency signals for precision 
tracking of the EVC does not appear very attractive; it does 
appear attractive if used for direction finding purposes to 
enable an EVC to return to within line-of-sight of the LM or 
to locate a second EVC who may be in trouble. 

From the results of this cursory study, none of the 
methods investigated for determination of the relative position 
of an EVC with respect to the LM appears especially attractive. 
Of those methods investigated, the most attractive from the 
viewpoints of accuracy and minimum im.pact to existing systems 
and capabilities is the use of slant range sum data derived 
from integration of Doppler frequency counts by USB MSFN 
stations in a trilateration solution. However, the bias 
and random error statistics on slant range sum measurements 
made in this manner including the effects of EVC movements 
other than translational (twisting, bending, etc.) must be 
determined to verify the predicted accuracy of this method 
for relative position determination. 
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TABLE 1 

ERROR I N  RELATIVE, P O S I T I O N  DETERMILiJATION O F  LM ALQD EXTRAVEHICULAR 

CFUWMAN USING EARTH-BASLD ELECTRONIC TRACKING SYSTEMS 

T r a c k i n g  System* 

D a t a  

1. 

2. 

3 .  

4. 

T h r e e  S l a n t  R a n g e s  

( a )  AR = 1 m e t e r  
(b) AR = 1 5  meters 

T h r e e  S l a n t  R a n g e  Sums 
( a )  ARS = 1 meter 
(b) ARS = 1 5  meters 

T h r e e  Di f fe rences  of S l a n t  
R a n g e  Sums 
( a )  ADRS = 1.4  meters 
(b) ADRS = 2 1  meters 

O n e  S l a n t  R a n g e  P l u s  Two 
D i f f e r e n c e  of S l a n t  R a n g e s  
AD = 0 . 1  meter 
( a )  OR = 1 meter 
(b) AR = 1 5  meters 

Standard Deviat ion of P o s i t i o n  
D e t e r m i n a t i o n  E r r o r  

( M e t e r s )  

AxS 

1 1 5  

1 7 2 5  

1 1 6  

1 7 4 5  

1 9 1  

2850  

1 7  

1 7  

2 5 2  

3780  

2 5 6  

3 8 4 0  

1 7 2  

2 5 8 0  

3 1  

3 1  

A z S  

3 

46 

3 

46 

1 

8 

2 

2 1  

T o t a l  

278  

4170 

282 

4230 

2 5 7  

3850 

39 

4 1  

"S ta t ions  located a t  A s c e n s i o n ,  bermuda, and G o l d s t o n e  



CREWMAN U S I N G  

T r a c k i n g  S y s t e m  

Data 

1. S l a n t  Range P l u s  Two 
O r t h o q o n a l  Anqles 

(a) One 5 km Hop 

(1) F.endezvous Radar 

( 2 )  L a s e r  

(b) One 2 km Hop 

(1) Rendezvous Radar 

( 2 )  L a s e r  

(c)  Two 2 km Hops 

(1) R e n d e z v o u s  Radar 

( 2 )  L a s e r  

(d )  T h r e e  2 k m  Hops 

(1) Rendezvous Radar 

( 2 )  L a s e r  

2 .  T h r e e  D i s t a n c e s  
3. Two Dis tances  

( a )  500  Meter Base l ine  

(b )  1 0 0 0  Meter Base l ine  
4. Two Dis tance  Sums 

LUNAR-BASED T R A C K I N G  SYSTEMS 

S t a n d a r d  Deviation of P o s i t i o n  
D e t e r p i n a t i o n  F r r o r  

(Ne t e r s  ) 

T o t a l  
AxS AyS A z S  

36.6 3 6 . 6  4 9 . 8  7 1 . 9  

3 1 . 4  3 1 . 4  4 3 . 5  6 3 . 1  

1 5 . 8  1 5 . 8  1 9 . 3  3 0 . 0  

1 2 . 4  1 2 . 4  1 7 . 4  2 4 . 6  

3 3 . 6  3 3 . 6  4 5 . 1  6 5 . 5  

30 .2  3 0 . 2  4 2 . 5  6 0 . 3  

4 4 . 7  4 4 . 7  60 .6  8 7 . 5  

4 0 . 9  4 0 . 9  5 7 . 6  81 .5  

1 3 3 . 1  1 6 6 . 0  770 

1 4 8 . 0  7 . 4  - 1 4 8 . 2  

8 2 . 7  8 . 4  - 8 3 . 1  

7 . 4  - 1 4 8 . 2  1 4 8 . 0  
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1.0 U S I N G  TRILATERATION TECHNIQUES 

1.1 Three S l a n t  Ranaes 

For  s i m p l i c i t y  i n  d e r i v i n g  t h e  e q u a t i o n s  d e s c r i b i n g  
t h e  p o s i t i o n  of  a p o i n t  (space v e h i c l e )  i n  terms of t h e  
d i s t a n c e  from t h r e e  d i f f e r e n t  p o i n t s  ( s i tes )  of  known p o s i t i o n ,  
an a r b i t r a r y  r igh t -handed  r e c t a n g u l a r  c o o r d i n a t e  sys tem (see 
F i g u r e  A - 1 )  i s  d e f i n e d  w i t h  t h e  o r i g i n  l o c a t e d  a t  t h e  known 
p o s i t i o n  o f  p o i n t  1 ( s i t e  1). The p o s i t i v e  X-axis i s  def ined.  
as t h e  l i n e  i n  t h e  d i r e c t i o n  from p o i n t  1 ( o r i g i n )  t h rough  
p o i n t  2 ( s i t e  2 ) .  The XY p l ane  i s  d e f i n e d  a s  t h e  p l a n e  
c o n t a i n i n g  t h e  X a x i s  and p o i n t  3 ( s i t e  3 ) .  The X a x i s  i s  
d e f i n e d  as t h e  l i n e  p e r p e n d i c u l a r  t o  t h e  XY p l a n e  and p a s s i n g  
th rough  s i t e  1, p o s i t i v e  i n  t h e  d i r e c t i o n  which makes  t h e  Z 
c o o r d i n a t e  o f  t h e  l o c a t i o n  of t h e  s p a c e  vehicle  p o s i t i v e .  The 
p o s i t i v e  Y a x i s  i s  d e f i n e d  as t h a t  r e q u i r e d  t o  complete  a 
r igh t -handed  r e c t a n g u l a r  c o o r d i n a t e  system. The c o o r d i n a t e s  
o f  t h e  si tes and t h e  space  v e h i c l e  i n  t h e  a r b i t r a r y  c o o r d i n a t e  
sys t em w i l l  t h e n  be: 

S i t e  1: X = 0 ,  Y = 0 ,  Z = 0 

S i t e  2 :  X = X 2 ,  Y = 0,  Z = 0 

S i t e  3 :  x = x 3 ,  Y = Y 3 ,  Z = 0 

Space V e h i c l e ,  P:  X = X Y = y S ,  s = z S ’  S 

The s c a l a r  d i s t a n c e  ( o r  s l a n t  r a n g e )  from t h e  s p a c e  
v e h i c l e  t o  s i t e  1 i s  d e f i n e d  as R 1 ;  t o  s i t e  2 ,as  R 2 ;  and t o  
s i t e  3 ,  as P . ~ .  

Equa t ions  w e r e  d e r i v e d  which d e f i n e  t h e  p o s i t i o n  o f  
t h e  s p a c e  v e h i c l e  i n  t h e  a r b i t r a r y  c o o r d i n a t e  system i n  terms 
o f  t h e  r e l a t ive  g e o c e n t r i c  l o c a t i o n s  o f  t h e  t h r e e  f i x e d  s i tes  
and t h e  r ange  f r o m  each  s i t e  t o  t h e  s p a c e  v e h i c l e .  The 
e q u a t i o n s  are : 

2 2  - 1 xs - - (F.l ‘F.2 
2 x 2  

2 2 2  2 - 1 pbl -R3 + X 3  + Y g  -2 ( R 2  -R2 +X2)]  
. s - q [  1 2 2 

2 2  
zs  = (FIl -xs -Ys 
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I t  w a s  assumed t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  s l a n t  
r ange  measurements and t h e  s i te  g e o c e n t r i c  l o c a t i o n s  are  
m u t u a l l y  independent .  
u n c e r t a i n t y  i n  each  c o o r d i n a t e  may be  computed as t h e  s q u a r e  
r o o t  of t h e  sum of t h e  s q u a r e s  of t h e  u n c e r t a i n t y  caused  by 
each  e r r o r  s o u r c e  a lone .  
d e t e r m i n a t i o n ,  t h e  e q u a t i o n s  which y i e l d  t h e  magnitude of t h e  
u n c e r t a i n t y  of t h e  de t e rmined  p o s i t i o n  are : 

Thus t h e  o v e r a l l  p o s i t i o n  d e t e r m i n a t i o n  

For t h i s  method of p o s i t i o n  

+[(% y 3  - 
2 2 2 \  

R1 - R7 t X 
2 x 2 y 3  '1 
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1 . 2  Three S l a n t  Range Sums 

Using t h e  same r igh t -handed  r e c t a n q u l a r  c o o r d i n a t e  
sys tem d e f i n e d  i n  t h e  preceding  s e c t i o n  (see F igure  A - l ) ,  t h e  
c o o r d i n a t e s  o f  t h e  t h r e e  s i t e s  and t h e  space  v e h i c l e  w i l l  a l s o  
be: 

S i t e  1: X = 0, Y = 0 ,  Z = 0 

S i t e  2 :  X = X2, Y = 0, Z = 0 

S i t e  3 :  X = X 3 ,  Y = Y3, Z = 0 

Space V e h i c l e ,  P :  X = X 

Assuming t h a t  s i t e  1 i s  t h e  mas te r  s t a t i o n  and t h a t  

Y = Ys, Z = Z 
S' S 

s i t e  2 and s i t e  3 a r e  s l a v e  s t a t i o n s ,  t h e  range  sum from s i t e  1 
t o  t h e  space  vehicle and back t o  s i t e  1 i s  d e f i n e d  as RS1; t h e  
r ange  sum from s i t e  1 t o  t h e  space  v e h i c l e  t o  s i t e  2 i s  d e f i n e d  
as RS2, and t h e  range  sum from s i t e  1 t o  t h e  space  v e h i c l e  t o  
s i te  3 i s  d e f i n e d  a s  RS3. 

Equat ions  w e r e  de r ived  which d e f i n e  t h e  p o s i t i o n  of  
t h e  space  v e h i c l e  i n  t h e  a r b i t r a r y  c o o r d i n a t e  system i n  t e r m s  
of t h e  r e l a t i v e  g e o c e n t r i c  l o c a t i o n s  o f  t h e  t h r e e  f i x e d  s i tes  
and t h e  t h r e e  range  sums de f ined  above. 
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The e q u a t i o n s  are: 

211’2 z s  = [ (?I2 - xs - Ys 
2 

J 

S i n c e  t h e  u n c e r t a i n t i e s  i n  t h e  r ange  sum measurements 
and t h e  s i t e  g e o c e n t r i c  l o c a t i o n s  w e r e  assumed t o  be m u t u a l l y  
i n d e p e n d e n t ,  t h e  overall  u n c e r t a i n t y  i n  each  c o o r d i n a t e  of t h e  
p o s i t i o n  d e t e r m i n a t i o n  of t h e  s p a c e  v e h i c l e  may be found from 
t h e  f o l l o w i n g  e q u a t i o n s :  

f 
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I 

+ (-xs[ 

+ (3 [ 

2.0 U S I N G  INTERFEROMETRY PRINCIPLES 

I n  t h i s  method f o r  p o s i t i o n  d e t e r m i n a t i o n  of a p o i n t  
( s p a c e  veh ic l e ) ,  t h r e e  d i f f e r e n t  p o i n t s  ( s i tes )  of known p o s i t i o n  
are r e q u i r e d .  One of the  th ree  s i tes  serves as a c e n t r a l  s t a t i o n  
and t h e  s l a n t  r ange  from t h i s  s i t e  t o  t h e  s p a c e  vehicle  i s  
measured. The d i f f e r e n c e  i n  s l a n t  r ange  from t h e  space vehicle  
t o  t h e  c e n t r a l  s t a t i o n  and t o  one of t h e  t w o  remain ing  s i t e s  and 
t h e  d i f f e r e n c e  i n  s l a n t  r ange  from t h e  s p a c e  vehicle  t o  t h e  
c e n t r a l  s t a t i o n  and t o  t h e  other  o f  t h e  t w o  remain ing  s i tes  are 
measured s i m u l t a n e o u s l y  w i t h  t h e  s l a n t  r ange  measurement 
described above. The s l a n t  range  d i f f e r e n c e  measurement can be 
used  t o  c a l c u l a t e  t h e  c o s i n e  of t he  a n g l e  between a l i n e  
c o n n e c t i n g  t h e  t w o  s i t es  ( b a s e l i n e )  and a l i n e  c o n n e c t i n g  t h e  
s p a c e  vehicle w i t h  t h e  mid-point  of t h e  b a s e l i n e .  S i n c e  t h e  
d i s t a n c e  between t h e  s p a c e  vehicle  and any one o f  t h e  t h r e e  s i tes  
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i s  v e r y  much l a r g e r  t h a n  t h e  l e n g t h  of  t h e  b a s e l i n e s  used  i n  
d e t e r m i n i n g  t h e  c o s i n e s  of t h e  a n g l e s ,  it w a s  assumed t h a t  t h e  
angle  d e f i n e d  by each  c o s i n e  w a s  app rox ima te ly  e q u a l  t o  t h e  
angle  between t h e  s l a n t  range from t h e  c e n t r a l  s t a t i o n  t o  t h e  
s p a c e v e h i c l e  and t h e  r e s p e c t i v e  b a s e l i n e .  

Using t h e  same right-hand-ed r e c t a n g u l a r  c o o r d i n a t e  
sys t em d e f i n e d  i n  t h e  p reced ing  s e c t i o n  (see F i g u r e  A - l ) ,  t h e  
c o o r d i n a t e s  of t h e  t h r e e  s i t e s  and s p a c e  v e h i c l e  w i l l  remain:  

S i t e  1: X = 0 ,  Y = 0 ,  Z = 0 

Si t e  2 :  x = x 2 ,  y = 0, z = 0 

S i t e  3 :  X = X 3 ,  Y = y 3 ,  z = 0 

Space V e h i c l e ,  P:  

I t  i s  assumed t h a t  s i t e  1 would s e r v e  as t h e  c e n t r a l  

X = X,, Y = Y,, I, = 2, 

s t a t i o n .  The s l a n t  r ange  from s i t e  1 t o  t h e  space  v e h i c l e  i s  
d e f i n e d  as PI. The d i f f e r e n c e  i n  s l a n t  r a n g e s  from t h e  sDace 
v e h i c l e  t o  s i te  1 and t o  s i t e  2 i s  d e f i n e d  as D 2  and t h e  
d i f f e r e n c e  i n  s l a n t  r anges  from t h e  s p a c e  v e h i c l e  t o  s i t e  1 and 
t o  s i t e  3 i s  d e f i n e d  as D 3 .  

Equa t ions  w e r e  d e r i v e d  which d e f i n e  t h e  p o s i t i o n  o f  
t h e  s p a c e  v e h i c l e  i n  t h e  a r b i t r a r y  c o o r d i n a t e  sys tem i n  t e r m s  
of t h e  r e l a t i v e  g e o c e n t r i c  l o c a t i o n s  of t h e  t h r e e  f i x e d  s i t e s ,  
t h e  s l a n t  r ange  from t h e  c e n t r a l  s t a t i o n  t o  t h e  s p a c e  v e h i c l e ,  
and t h e  two s l a n t  range  d i f f e r e n c e s  d e f i n e d  above. These 
e q u a t i o n s  are: 

S i n c e  t h e  u n c e r t a i n t i e s  i n  t h e  s l a n t  r ange  and s l a n t  
r a n g e  d i f f e r e n c e  measurements and t h e  s i t e  g e o c e n t r i c  l o c a t i o n s  
w e r e  assumed t o  be m u t u a l l y  independen t ,  t h e  o v e r a l l  u n c e r t a i n t y  
i n  e a c h  c o o r d i n a t e  of t h e  de te rmined  p o s i t i o n  of  t h e  s p a c e  
v e h i c l e  may be found from t h e  f o l l o w i n g  e q u a t i o n s :  
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1 v 2  
2 i  

x 2 y 3  - 1  

2 2 
+ -2D7R1 AX3 + “2X D F AX2- + - 2 D  F + 2X 13 R [( x 2 y 3  I : I[ - x 2 Y 3  ) J [( + J A Y ’  ) 

/ 
I i 

It s h o u l d  be  n o t e d  t h a t  t h e s e  error  e q u a t i o n s  do n o t  i n c l u d e  t h e  
u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of t h e  space  v e h i c l e  p o s i t i o n  
i n t r o d u c e d  by t h e  assumpt ions  t h a t  e = ~1 and $I = B (see F i g u r e  
A-1). 
p r e d i c t a b l e  and c o u l d  be  c o r r e c t e d  f o r  i n  t h e  c a l c u l a t i o n  of 
X s r  Ys ,  and Z s .  

The u n c e r t a i n t y  r e s u l t i n g  from t h i s  approximat ion  i s  



+z 

-Y 

FIGURE A-1 
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1.0 U S I N G  LOCATION OF TWO POIiU'TS KNOW11 
IN AN ARBITRARY COORDINATE SYSTEM 

Assuming t h a t  t h e  l o c a t i o n s  of p o i n t  A (LM) and 
p o i n t  B (EVC) are known w i t h  r e s p e c t  t o  an  a r b i t r a r y  rec- 
t a n g u l a r  c o o r d i n a t e  system such a s  cou ld  be ach ieved  by u s i n g  
s l a n t  range  o r  s l a n t  range sum t r i l a t e r a t i o n  t e c h n i q u e s  o r  
i n t e r f e r o m e t r y  t e c h n i q u e s  as d e s c r i b e d  i n  Appendix A ,  t h e  
p o s i t i o n  of t h e  EVC w i t h  respect t o  t h e  LM c o u l d  be d e f i n e d  
i n  a r e c t a n g u l a r  c o o r d i n a t e  s y s t e m  by t r a n s l a t i n g  t h e  o r i g i n  
of t he  a r b i t r a r y  r e c t a n g u l a r  c o o r d i n a t e  sys tem t o  t h e  l o c a t i o n  
of t he  LM. 

I t  shou ld  be n o t e d  t h a t  t h e  u n c e r t a i n t y  i n  t h e  s i t e  
g e o c e n t r i c  l o c a t i o n s  a r e  b i a s  errors and w i l l  be c o n s t a n t  f o r  
a g i v e n  s i te  d u r i n g  a l l  s l a n t  r ange  o r  s l a n t  range  sum measure- 
ments  wh i l e  t h e  u n c e r t a i n t y  i n  each  s l a n t  range  or  s l a n t  r ange  
sum measurement i s  random and mutua l ly  independent .  
e q u a t i o n s  w e r e  d e r i v e d  d e f i n i n g  the  u n c e r t a i n t y  i n  each of t h e  
three r e c t a n g u l a r  c o o r d i n a t e s  o f  t h e  EVC w i t h  r e s p e c t  t o  t h e  
f i x e d  LM f o r  t h e  case where t h e  p o s i t i o n s  of bo th  t h e  EVC and 
t h e  LM w e r e  de te rmined  i n  an a r b i t r a r y  c o o r d i n a t e  system u s i n g  
t h e  s l a n t  range  t r i l a t e r a t i o n  t e c h n i q u e .  
are i n c l u d e d  below w i l l  a l s o  apply  t o  t h e  case where t h e  p o s i t i o n s  
of b o t h  t h e  EVC and t h e  LM were de termined  i n  an a r b i t r a r y  co- 
o r d i n a t e  system u s i n g  the  s l a n t  range  sum t r i l a t e r a t i o n  t e c h n i q u e  
i f  t h e  pa rame te r s  R1, R 2 ,  R3 a r e  r e p l a c e d  by RS1, R S 2 ,  and R S 3 ,  

r e s p e c t i v e l y .  
t h e  s u b s c r i p t  'Is" w h i l e  t h e  EVC p e c u l i a r  l o c a t i o n  pa rame te r s  
are denoted  by t h e  s u b s c r i p t  ' I C " .  

Gene ra l i zed  

These e q u a t i o n s  which 

LM p e c u l i a r  l o c a t i o n  pa rame te r s  are denoted  by 
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A s i m i l a r  set of e q u a t i o n s  can be  w r i t t e n  t o  app ly  t o  I 
t h e  case where t h e  p o s i t i o n s  of b o t h  t h e  EVC and t h e  LM w e r e  
de te rmined  i n  an a r b i t r a r y  c o o r d i n a t e  system us ing  an  i n t e r -  
f e romet ry  t echn ique .  For t h i s  case, t h e  error  i n  t h e  s i t e  
g e o c e n t r i c  l o c a t i o n s  w i l l  be c o n s t a n t  w h i l e  t h e  u n c e r t a i n t y  
i n  t h e  s l a n t  range  and s l a n t  range  d i f f e r e n c e  measurements 
w i l l  be  random. 

2.0 U S I N G  THREE DIFFERENCES BETWEEN TWO SETS O F  THREE RANGE S U M S  

A method f o r  de te rmining  the  r e l a t i v e  p o s i t i o n  o f  p o i n t  
B (EVC - e x t r a v e h i c u l a r  crewman) w i t h  r e s p e c t  t o  p o i n t  A (LM) 
u s i n g  three d i f f e r e n t i a l  range sum v a l u e s  o b t a i n e d  by s u b t r a c t i n g  
t h e  r ange  sum from an a r b i t r a r y  p o i n t  ( s i t e )  t o  t h e  EVC t o  a 
second a r b i t r a r y  p o i n t  (si te) from t h e  s i m i l a r l y  formed r ange  
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sum between t h e  same t w o  f i x e d  si tes and t h e  LM f o r  three 
d i f f e r e n t  sets of  s i tes w a s  proposed by James. (6) 

For  s i m p l i c i t y  i n  d e r i v i n g  t h e  e q u a t i o n s  d e f i n i n g  
t h e  r e l a t i v e  p o s i t i o n  of  t h e  EVC w i t h  r e s p e c t  t o  t h e  LM u s i n g  
t h e  method sugges t ed  by James, an a r b i t r a r y  r igh t -handed  
r e c t a n g u l a r  c o o r d i n a t e  sys tem is d e f i n e d  w i t h  the  o r i g i n  
l o c a t e d  a t  t h e  p o s i t i o n  of t h e  LM. The p o s i t i v e  Z-axis i s  
d e f i n e d  as t h e  l i n e  p o s i t i v e  i n  d i r e c t i o n  from t h e  LM t o  t h e  
p o s i t i o n  of  an a r b i t r a r y  p o i n t  d e s i g n a t e d  s i te  1. The X-axis 
and Y-axis are chosen a r b i t r a r i l y  w i t h  t h e  o n l y  r e s t r i c t i o n  
b e i n g  t h a t  t h e  r e f e r e n c e  c o o r d i n a t e  system be  r e c t a n g u l a r  i n  
a r igh t -handed  sense .  Then t h e  c o o r d i n a t e s  of the  si tes,  t h e  
LM, and t h e  EVC used i n  t h i s  d e r i v a t i o n  (see F i g u r e  B - 1 )  w i l l  be: 

LM, A: X = 0, Y = 0, Z = 0 

S i t e  1: X = 0, Y = 0 ,  Z = R 

S i t e  2: x = x2, Y = y2, z = ( R  + z , )  
S i t e  3: x = x3, Y = y3, z = (R  + z,) 

EVC , B: x = xs, Y = Ys, z = z  
S 

Assuming t h a t  s i te  1 is t he  master s t a t i o n  and t h a t  
s i tes  2 and 3 are s l a v e  s t a t i o n s ,  t h e  scalar  d i f f e r e n c e  deter- 
mined by s u b t r a c t i n g  t h e  range sum from s i te  1 t o  t h e  EVC t o  
s i t e  1 from t h e  range  sum from s i t e  1 t o  t h e  LM t o  s i t e  1 i s  
d e f i n e d  as  DRS1, t h e  scalar d i f f e r e n c e  de te rmined  by s u b t r a c t i n g  
t h e  r ange  sum f r o m  s i te  1 t o  t h e  EVC t o  s i te  2 from t h e  r ange  
sum f r o m  s i te  1 t o  the  LM t o  s i t e  2 i s  d e f i n e d  as DRS2, and 
t h e  scalar d i f f e r e n c e  determined by s u b t r a c t i n g  t h e  range  sum 
from s i t e  1 t o  t h e  EVC to s i t e  3 from t h e  range  sum from s i te  1 
t o  t h e  LM t o  si te 3 is  d e f i n e d  as DRS 3 .  The r ange  sum from 
s i t e  1 t o  t h e  LM and back t o  s i t e  1 is  d e f i n e d  as RS1. 

Equat ions  w e r e  d e r i v e d  which d e f i n e  t h e  p o s i t i o n  
o f  t he  EVC w i t h  r e s p e c t  t o  t h e  Is1 i n  t h e  a r b i t r a r y  c o o r d i n a t e  

( 6 ) D .  B. James, "A Method of Naviga t ing  On and N e a r  t h e  
Moon," Memorandum f o r  F i l e ,  June 28, 1968. 
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system in terms of the locations of the three fixed sites 
and the range sum and the three differences between rmge sums 
defined above. The derivation of these equations depends on 

RS 1 
the validity of the assumptions that 7 > >  distance between 

L 

. Furthermore, 
RS 1 2 2 

any two sites and that -T > >  [ Xs + Ys + Zs 
the derivation of the equation for Zs depends on the assumption 

that HS1 > >  Xs + Ys + Zs . These equations are: 
2 2 2 

DRS 
xS = [Y3(DRS2 - DRS1)-Y2(DRS3 - DRSl j i l R S 1 )  ,IT +LY2Z3 i - Y3z2] (4) 

DRS 1 
2 

- zs - - 

Since the uncertainties in the differential range sum 
measurements, the range sum measurements, and the site geocentric 
locations were assumed to be mutually independent, the overall 
uncertainty in each of the three rectangular coordinates of the 
position of the EVC respect to the fixed LM may be found from 
the following equations: 



I\ 

I -' 

I\ 

I '  

+[(y3zs x2y 3 -x 3y2 )AZ2j2 +[("'' x2y3'x3y2 ) AZ?]' +[[2z3-y3z2) x2y3 'x3y2 
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[I[x3y2-x2y3! [ (DRS2-DRS1) ( G)-22zs] RS 

+ 
t \  

2 
[x3y2-x2y3] 
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4 2 1  

+[(-x3zs ) 
+[("" 3y2'x2y 3 ) AZ312 +[(x2z3-x3z2) 3y2 -x2y 3 AZsI2 x3y2'x2y3 

3.0 USING RANGE AND TWO ANGLES MEASURED FROM ONE OF THE TWO POINTS 

An arbitrary right-handed rectangular coordinate system 
is used in the derivation of the position of a point (EVC) in 
terms of slant range, azimuth angle, and elevation angle data 
from a single fixed point (site or LM). The origin of the 
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coordinate system is defined as the known location of the LM. 
The orientation of the X, Y, and Z axes is completely 
arbitrary providing that the right-handed rectangular 
properties of the coordinate system are maintained. The 
coordinates of the EVC and the LM as shown in Figure B-1 will 
then be : 

LM: X = O , Y = O ,  Z = O  

zs  EVC, P: X = Xs, Y = Yst Z = 

The scalar distance or slant range from the LM to 
the EVC is defined as R. The azimuth angle, u ,  is defined as 
the angle measured counterclockwise from the X axis. The 
elevation angle, E ,  is defined'as the angle measured frcim the 
XY plane, positive in the direction of the positive Z axis. 

Equations were derived which define the position of 
the EVC in the arbitrary coordinate system in terms of slant 
range, azimuth angle, and elevation angle from the LM or 
other site to the EVC. These equations are: 

xs = R cos E cos a 

Ys = R cos E sin 

Z s  = R sin E 

Since the uncertainties in the slant range, azimuth 
angle, and elevation angle measurements were assumed to be 
mutually independent, the overall uncertainty in each of the 
three rectangular coordinates of the position of the EVC with 
respect to the fixed site from where the slant range and angle 
measurements were made may be found from the following equations: 

J f 

i' 
c 

J L - 7 7  l / *  

' I  

J 

2 
AXs = ([(cos E cos a) PRI2 +[(-R sin E cos a) AE] 

(-R cos E sin a )  Aa 
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If the position of the EVC is given in terms 
range, azimuth anqle, and elevation ansle measurements 

of slant 
from a 

single fixed site-different from the &, then the coordinates 
of the fixed site, the EVC and the LM in the LM-centered 
right-handed rectangular coordinate system will be: 

LM: X = O , Y = O , Z = O  
c 0 c 

Fixed Site: X = Xs, Y = Ys, z = zs 

EVC : x = xs, 
zS 

Y = Ys, z = 

Maintaining the same nomenclature and definitions 
for slant range, azimuth angle, and elevation angle used 
earlier and assuming the axes of the reference coordinate 
system for measurement of azimuth and elevation angles at 
the LM and at the fixed site are parallel, equations were 
derived which define the position of the EVC in the arbitrary 
coordinate system in terms of slant range, azimuth angle, and 
elevation angle from the fixed site to the EVC and of the 
location of the fixed site with respect to the LM. These 
equations are: 

* 
Xs = R cos E COS ci +Xs 

0 

Ys = R cos E sin a + Ys 
c 

Zs = R sin E +Zs 

Since the uncertainties in the slant range, azimuth 
angle, elevation angle, and position of the fixed site were 
assumed to be mutually independent, the overall uncertainty 
in each of the three rectangular coordinates of the position 
Of the EVC with respect to the LM may be found from the 
following equations: 
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+ [ (R cos E cos a )  AaI2 +!AYi]2\1’2 

4 . 0  

4.1 

USING ONE OF THE TWO POIhTS AS THE: CENTRAL 
STATION OF A BASELINE TRACKING SYSTEM 

Three Ranaes 

In this case, it is assumed that the one fixed point 
(LM) would serve as a central station and be used with two 
slave stations to form two baselines. The coordinate system 
used in the derivation of the equations describing the location 
of a point (EVC) with respect to the LM is a right-handed 
rectangular coordinate system with the origin located at the 
LM or central station. 
line in the direction from the LM to one of the two slave 
stations. The XY plane is defined as the plane containing the 
X-axis and the second of the two slave stations. The positive 
Z-axis is defined as the line passing through the LM location, 
perpendicular to the XY plane, in the direction away from the 
center of the Moon. 
derived in Section 1.1 of Appendix A for position determination 
as well as for the uncertainty of this determination using 
trilateration with slant range measurements from three known 
points to the unknown point will also apply to this case. 

The positive X-axis is defined as the 

The parameter definitions and the equations 
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4 . 2  Two D i s t a n c e s  

I n  t h i s  c a s e ,  i t  i s  assumed t h a t  t h e  one f i x e d  p o i n t  
(LM) would s e r v e  a s  a c e n t r a l  s t a t i o n  and be used w i t h  one s l a v e  
s t a t i o n  t o  form a s i n g l e  b a s e l i n e  and t h a t  t h e  p o s i t i o n  of a 
p o i n t  (EVC) t o  be l o c a t e d  would be on t h e  s u r f a c e  of a s o l i d  
( s p h e r e ,  o b l a t e  s p h e r o i d ,  e t c . )  d e f i n i n g  t h e  average  shape of 
t h e  Moon. I n  o r d e r  t o  s i m p l i f y  t h e  e q u a t i o n s  d e f i n i n g  t h e  
p o s i t i o n  of  t h e  EVC w i t h  r e s p e c t  t o  t h e  f i x e d  l o c a t i o n  of t h e  
LM f o r  t h i s  memorandum, it was assumed t h a t  t h e  p o r t i o n  of t h e  
Moon of i n t e r e s t  i s  a p lane  s u r f a c e  o r  f l a t .  It i s  recognized  
t h a t  t h i s  assumption i s  n o t  r e a l i s t i c  i f  t h e  a c t u a l  r e l a t i v e  
p o s i t i o n  of  t h e  EVC i s  d e s i r e d .  However, it i s  b e l i e v e d  t h a t  
t h e  c a l c u l a t i o n  o f  t h e  u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  of  t h e  
r e l a t ive  p o s i t i o n  of t h e  EVC on a t r u l y  f l a t  Moon g iven  t h e  
a c c u r a c i e s  o f  t h e  measurements of t h e  v a r i o u s  pa rame te r s  
c o n t a i n e d  i n  t h e  e q u a t i o n s  w i l l  p rov ide  a r e a s o n a b l e  
approximation t o  t h e  s i m i l a r l y  c a l c u l a t e d  u n c e r t a i n t y  i n  t h e  
d e t e r m i n a t i o n  of  t h e  r e l a t i v e  p o s i t i o n  of  t h e  EVC on a more 
r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  l u n a r  s u r f a c e .  

With t h i s  assumption,  t h e  d e t e r m i n a t i o n  of t h e  
r e l a t i v e  p o s i t i o n  of t h e  EVC and t h e  LM i s  reduced t o  a t w o -  
d imens iona l  problem. The LM i s  d e f i n e d  as t h e  o r i g i n  of  t h e  
r e f e r e n c e  r e c t a n g u l a r  c o o r d i n a t e  system and t h e  p o s i t i v e  X-axis 
i s  d e f i n e d  i n  t h e  d i r e c t i o n  from t h e  LM th rough  t h e  l o c a t i o n  of 
t h e  s l a v e  t r a c k i n g  s t a t i o n .  The c o o r d i n a t e s  o f  t h e  LM, t h e  
s l a v e  t r a c k i n g  s t a t i o n  and t h e  EVC i n  t h e  a r b i t r a r y  r e f e r e n c e  
c o o r d i n a t e  system shown i n  F igu re  B - 3  w i l l  be: 

LM: X = 0, Y = 0 

Slave  Tracking  S t a t i o n :  X = X 2 ,  Y = 0 

yS EVC, P: X = X s ,  Y = 

The d i s t a n c e  from t h e  LM t o  t h e  EVC i s  d e f i n e d  as €?I 
and t h e  d i s t a n c e  from t h e  s l a v e  t r a c k i n g  s t a t i o n  t o  t h e  EVC i s  
d e f i n e d  as R 2 .  The fo l lowing  e q u a t i o n s  d e f i n e  t h e  p o s i t i o n  of 
t h e  EVC w i t h  r e s p e c t  t o  t h e  LM i n  t e r m s  o f  t h e  l o c a t i o n  of  t h e  
s l a v e  t r a c k i n g  s t a t i o n  w i t h  r e s p e c t  t o  t h e  LM and t h e  d i s t a n c e  
f r o m  t h e  s l a v e  t r a c k i n g  s t a t i o n  and from t h e  LM t o  t h e  FVC 
assuming t h e  p o r t i o n  of t h e  Moon of i n t e r e s t  t o  be a p l a n e  s u r f a c e .  

2 2 2 
X2 -R2 +R1 - 

2 x 2  
xs - 



BELLCOMM, INC.  

APPENDIX B 

5-12 

- 
ys - 

- 2  - l / 2  
R~ -x j S 

S i n c e  t h e  u n c e r t a i n t i e s  i n  t h e  d i s t a n c e  measurements 
and t h e  s l a v e  t r a c k i n g  s t a t i o n  l o c a t i o n  were assumed t o  be 
mutua l ly  independen t ,  t h e  o v e r a l l  p o s i t i o n  d e t e r m i n a t i o n  un- 
c e r t a i n t y  may be  found from t h e  fo l lowing  e q u a t i o n s :  

2 

AXs = ' [ ( + x ~ x ~ ~ 2  I 2 2  - R 1 2 )  AX] + 

I ,  
L 

(2j 
R1-Xs x 2  

( R 1  2 -xs2)  

4 . 3  Two D i s t a n c e  Sums 

i" 
I 

T h i s  case i s  j u s t  a s l i g h t  v a r i a t i o n  of t h e  case 
d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  ( 4 . 2 )  where t h e  sums of  two 
d i s t a n c e s  are measured i n s t e a d  o f  each d i s t a n c e  s e p a r a t e l y .  
T h e  c o o r d i n a t e s  of t h e  LM, t h e  s l a v e  t r a c k i n g  s t a t i o n  and t h e  
EVC i n  t h e  a r b i t r a r y  r e f e r e n c e  c o o r d i n a t e  sys tem shown i n  
F i g u r e  B-3 w i l l  be:  

LM: X = 0, Y = 0 

S l a v e  Tracking  S t a t i o n :  X = X 2 ,  Y = 0 

EVC, P: X = Xs, Y = Y  S 

Again it w a s  assumed t h a t  t h e  p o r t i o n  of t h e  l u n a r  
s u r f a c e  of i n t e r e s t  c o u l d  be  approximated by a p l a n e  s u r f a c e .  
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The distance from the stationary LM to the EVC plus the distance 
back to the LM is defined as RS1 and the distance from the 
stationary LM to the EVC plus the distance from the crewman 
to the slave tracking station is defined as RS2. 
equations define the position of the EVC with respect to the 
LM in terms of the location of the slave tracking station with 
respect to the LM and the two measurements of distance sums 
defined above under the assumption that the lunar surface is 
a plane. 

The following 

Since the uncertainties in the distance sum measurements 
and the slave tracking station location were assumed to be 
mutually independent, the overall position determination 
uncertainty may be found from the following equations: 

\ ARslr 
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FIGURE B-1 
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LM: (0.0.0) 

P: (X,,Y,,Z,) 

FIGURE 8-2 
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LM: 

FIGURE B- 3 


